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Abstract  xii 
IV. Abstract 
The worldwide high fuel demand and stringent increasing emission regulations are a driving force 
for the continuous development of new lightweight materials to reduce weight in the automotive 
industry.  
This work addresses the development of new ultra-fine grained/ nano-structured high strength 
aluminium alloys designed for automotive applications and explores the frontiers of the roll forming 
process. Fine-grained sheet metal is produced from its bulk-, coarse grained counterpart by rolling 
the material at cryogenic temperatures. This process produces similar material properties to those 
that can be achieved with common severe plastic deformation methods. The overall formability of 
the material and forming limits in the roll forming process are determined.  
It was found that commercial aluminium alloys can be rolled at cryogenic temperatures to 
significantly increase the material strength. Unfortunately these sheet materials lose a large 
amount of their formability due the production process which limits the application of common 
forming processes e.g. stamping.  
Roll forming is used to showcase that an incremental forming method is capable of forming simple 
structures from these novel sheet materials even if they have very low uniform elongations of less 
than 1 %. It was also found that a cryo-rolled high strength 2024 aluminium cannot be roll formed 
to similar radii despite having a much larger uniform elongation.  
The roll forming process is therefore further explored to understand the reason for the different 
levels of formability between a variety of cryo-rolled aluminium alloys. It is found that uniform 
elongation is not always a good measure for the formability in roll forming. A new theory for 
improved material characterisation for roll formed metals is therefore proposed based on the 
additional measurement of the “reduction in area” under tension.  
Materials are further characterised in regard to their strain rate sensitivity and high rate 
dependency due to their good formability in roll forming and their promising high strength level for 
aluminium alloys. 
Unfortunately it is found that the fine grained alloys have only limited strain rate sensitivity and 
consequently limited benefit in crash applications as energy absorbing materials. The cryo-rolled 
aluminium 5083 and cryo-rolled 2024 aluminium do however maintain their superior strength 
properties across a wide range of strain rates from 10-4 to 100 1/s at a peak strength level of 450 
MPa and 650 MPa respectively.  
Abstract  xiii 
Future work recommendations are made to enable continuous work on SPD materials from in the 
future available larger scale manufacturing processes. Also, the roll forming process needs to be 
further explored with these kind of materials, especially with view towards the more complex 
flexible roll forming technology. In situ analysis of the material deformation during roll forming 
could further improve the material understanding to enable a material design especially suited to 
the roll forming process and its products. 
  
Chapter 1 1 
Chapter 1 
 
1 Introduction 
1.1 Preamble 
The significant pressure through customers and government in regard to reduced petrol 
consumption and general emissions has increasingly focused the automotive industry on lighter 
and stronger materials [1]. 
Even with the development of more efficient engines leading to a continuous reduction in fuel 
consumption, the most efficient way to improve the fuel economy of vehicles is weight 
reduction [2]. 
Today, light metals are playing a key role in the automotive development due to their lower 
density compared to steel. Light metals have been increasingly used in several applications such 
as engine blocks, chassis, rims, etc. However, there are some disadvantages. Light metals such 
as magnesium and aluminium are generally not as strong as steel and have only found 
applications in components where either the thickness of the material can be increased to cater 
for the necessary strength and rigidity or where strength is not an important factor [1, 2]. 
To address the existing “weakness” of light metals “severe plastic deformation” (SPD) methods 
have been developed which enable the increase in strength of metal alloys by generating an 
ultra-fine grained structure. This however is at the expense of material formability and ultra-fine 
metals generally show low ductility and property variations through the thickness which 
complicates their forming with conventional processes.  
To enable widespread application, forming processes need to be identified to form these novel 
materials ideally under cold forming conditions. Roll forming is a sheet bending technology that 
has been shown to allow the forming of complex geometries from high strength material with 
limited ductility and therefore may have the potential to manufacture ultra-fine structured 
sheet metals to structural components for the automotive and transport sectors.  
The limits of the roll forming process in regard to the forming of ultra-fine grained materials 
have not been investigated to date. In addition, there is only a limited understanding of their 
Chapter 1 2 
forming behaviour and formability in sheet metal forming in general. Most of the previous 
studies have been limited to the analysis of material behaviour in tension with a major focus on 
increasing the ductility. 
Due to the fact that there are many SPD processes available that may be commercialised in the 
near future, it is important to understand the potential range of applications for those materials.  
 
1.2 Nano structured aluminium alloys, forming issues and advantages 
Severe plastic deformation (SPD) of aluminium alloys refines the microstructure and yield 
strength levels up to 1 GPa have been observed [3]. The advantage of aluminium is that it only 
has one third of the density of steel giving the potential for further weight reduction in 
automotive body constructions.  
So far, nano structured or ultra-fine grained metals have not been used in large scale 
applications since the production is often limited to small scale samples. In addition, existing 
work has mainly focused on analysing the tensile properties where these materials generally 
have very limited formability [4]. However, recent work has shown that in deep drawing and 
some stretch forming processes, higher strains can be achieved, suggesting that forming is 
actually not that limited when using different strain paths other than in uniaxial tension [5, 6].  
One process that has shown potential in forming high strength and low elongation materials is 
roll forming suggesting that it might be possible to utilize the process to produce large 
longitudinal sections from ultra-fine grained or nano structured metals [7, 8]. Roll forming 
however, is still not fully understood and especially forming of fine structured aluminium alloys 
has not been previously investigated leading to several questions as outlined in the following.  
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1.3 Research objectives and methodology 
Roll forming has shown to be able to form sheet metals that have very low uniform and total 
elongation while achieving high profile quality and process accuracy. It is however, not 
determined yet which material parameters (e.g. uniform elongation, post uniform elongation or 
others) are the critical properties that lead to good formability in roll forming.  
With the proposed idea of a future material design using ultra-fine structured aluminium alloys 
it is therefore crucial to develop a better understanding of what actually triggers the material 
formability in the roll forming process. Especially in consideration of previous studies where 
some suggest higher formability in roll forming which is against the results of others.  
To be able to analyse this effect, this study attempts to utilize ultra-fine structured aluminium 
alloys produced through cryo-rolling to demonstrate that simple shapes can be manufactured 
from fine grained aluminium alloys using the roll forming technology. It is acknowledged that 
cryo-rolling is a more complicated as well as expensive procedure and currently not a 
commercially viable method to produces ultrafine structures. However, the cryo-rolling 
procedure utilized within this work is a simple laboratory method to produce relatively large 
amount of added value materials with very fine microstructures. Other methods such as 
continuous ECAP are in the pilot stage for producing such sheet commercially.  
The study also tries to generate the link in between the measured material properties in an 
uniaxial tensile test and the overall formability in the roll forming process. This knowledge would 
then allow a much clearer determination and selection of materials for roll forming as well as 
allow the targeted development of alloys for roll forming. 
In the fact that previous studies have also shown high post uniform elongation, especially for 
fine structured alloys, suggesting strain rate sensitivity this work will also analyse the strain rate 
and high rate behaviour of the developed materials in order to study the potential applicability 
in crash structures. Especially, the material behaviour at higher strain rate values, potentially 
leading to large post-uniform material deformation, needs to be understood at varying strain 
rates.  
 
The first and main research question which needs to be answered therefore is:  
x Can we engineer ultra-fine structured metal sheet with high strength and strain 
rate sensitivity that can be roll formed to simple structures? 
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This question results in three further fundamental questions: 
x What is the roll-formability of ultra-fine structured metals and what are the 
limitations depending on the forming method?  
 
x What are the critical material parameters that link the simple mechanical 
behaviour (i.e. from a tensile test) to roll formability? 
 
x What is the high rate material behaviour of ultra-fine structured metals and how 
does this correlate with post-uniform elongation?   
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1.4 Structure of the thesis 
Chapter 2:  Literature review 
This chapter reviews the state of the art in regard to light weight structures used in the 
automotive industry. Ultra-fine structured aluminium, as a new high strength, light weight alloy 
is introduced. The production techniques currently used to produce the materials are explained 
and the influence of material composition and heat treatment on the formability and material 
properties of those metals is discussed. Roll forming is introduced as a cold forming method for 
sheet materials that show high strength combined with low ductility and previous studies 
focusing on the link between material properties and roll formability are discussed. 
 
Chapter 3: Experimental procedures and materials 
This chapter introduces the experimental equipment and methods used in this investigation. 
Initially, the cryo-rolling process is explained including the annealing treatments associated 
applied during material production. The metallographic steps for microstructural analysis are 
explained in detail followed by the test methods used to investigate formability. This includes 
the tensile test and three different bending test methods (pure bending, V-die bending and 
minimum radius bending) to determine different modes of deformation and failure for the 
materials analysed. Finally the equipment used for the experimental roll forming trials is shown. 
In addition the test facilities used for characterising strain rate sensitivity and high strain rate 
behaviour are outlined. 
 
Chapter 4: Roll formability of cryo-rolled ultrafine aluminium sheet 
Ultra-fine grained high purity aluminium alloy is produced. The material shows low uniform 
elongation in the conventional tensile test combined with high reduction in area and large post-
uniform tensile elongation. Bending and roll forming trials are performed to understand the 
effect of low uniform elongation combined with high local ductility on the formability in roll 
forming and bending.  
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Chapter 5:  Roll formability of high strength 2024 aluminium 
The work in the previous chapter suggest that ultra-fine structured metals can show higher 
formability in roll forming then indicated by the low values of uniaxial tension. For further 
investigation a commercially available aluminium 2024 alloy is heat treated and/ or artificially 
aged to alter the material properties especially in regard to its strength and ductility. This allows 
the investigation of roll formability for a real high strength alloy for various combinations of 
uniform and total elongation as well as local ductility. The materials tensile properties as well as 
reduction in area from the various designed alloys are analysed and their formability is tested in 
a simple roll forming set up. The results are compared to the investigated pure aluminium from 
chapter 4.  
 
Chapter 6: Reduction in area as a measure of roll formability 
The major conclusions from chapters 4 and 5 are summarised and a hypothesis is formed that, 
if a material shows high reduction in area (RA) e.g. local ductility at the fracture tip of a tensile 
sample - the measurement of RA could give a reasonable judgement on the formability of a low 
elongation material in roll forming. 
To prove the theory, four aluminium alloys with increasing Mg content are cryo-rolled and heat 
treated to produce a wide range of materials with various combinations of uniform elongation 
and reduction in area. Values of reduction in area are plotted vs. uniform elongation to be able 
to group alloys with similar uniform elongation and a wide range of values of reduction in area. 
The specific materials were then investigated in regard to their formability to small radii sections 
in the roll forming process.  
 
Chapter 7: Strain- and high rate behaviour of fine structured aluminium alloys 
Cryo-rolled pure, 5083 and 2024 aluminium are investigated in regard to their strain rate 
sensitivity at three low strain rates of 10-4; 10-3; 10-1 1/s to test if the materials show any type of 
strain rate sensitivity. First conclusions are made based on this initial testing before the high rate 
behaviour (deformation behaviour of the material at high speed) is investigated at 5 and 10 1/s. 
The tests aim to study if there is a link in between strain rate sensitivity and post uniform 
elongation for cryo-rolled and ultra-fine structured materials. The tests also allow determining 
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the applicability of the materials in automotive crash components through testing at various 
strain rates. 
 
Chapter 8:  Discussion 
The outcomes of the experimental chapters are summarised and discussed.  
 
Chapter 9:  Conclusions and recommendations for future work 
The conclusions from each chapter are collected leading to an overall outcome and future work 
recommendations.  
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Chapter 2 
 
2 Literature review 
2.1 Introduction 
Further weight reduction in the automobile body seems to be difficult to achieve. Up until now, 
weight reduction was achieved by reducing the material thickness and by applying high strength 
steels. Due to the loss in rigidity of the structures, this method is not applicable to an unlimited 
degree. The use of light weight metals was found as a solution for substituting some of the 
heavier steel parts. Unfortunately, due to the significant lower material strength, light weight 
alloys must be used in greater gauge leading to reduced weight savings and increased costs. 
Investigations are therefore necessary to achieve further weight savings in automotive 
construction.  
The microstructural refinement of aluminium alloys by severe plastic deformation (SPD) is a 
promising way to engineer high strength and light-weight materials. The problem with these 
materials is that they have very limited ductility restricting the forming in conventional 
processes such as stamping. Therefore, an alternative needs to be found to form these alloys. 
Roll forming is a sheet metal bending process which is widely used for the forming of high 
strength and low elongation steel sheet. It may therefore have the potential to form ultra-fine 
grained and nano-structured high strength aluminium sheet too. However, the forming 
behaviour and limits of ultra-fine or nano-structured materials in the roll forming process are 
not well known. 
The following chapter reviews the previous investigations on reducing vehicle weight in the 
automotive body. Ultra-fine and nano-structured sheet metals are introduced and common SPD 
production techniques are explained. SPD materials are discussed and the mechanical 
properties of the fine-grained metals are investigated in more detail. The focus will lead to cryo-
rolling which is not considered a SPD method but allows the production of long lengths of fine-
grained sheet with very similar material properties to SPD metals. Finally roll forming is 
introduced with the view to processing materials with similar properties to SPD treated metals 
in regard to high strength and low ductility.  
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2.2 Weight reduction in the automotive industry 
Increasing vehicle performance, safety and comfort was once the only driving factor for the 
development of automotive lightweight structures. Nowadays, it’s still a valid reason but due to 
climate change the European commission has set very strict targets for the reduction in CO2. 
Cars must reduce their average CO2 emission from 130 g/ km in 2015 to 95 g/ km in 2021. This 
relates to an average fuel consumption of only 4.1 l/ 100 km of petrol or 3.6 l/ 100 km of diesel 
for any car by 2021. High penalties will be given to the car manufacturer for any emission of CO2 
per kilometre above this limitation [9]. 
Significant amount of effort is therefore spent to explore lightweight materials to substitute 
chassis components and other heavy steel parts. The substitution of steel components ranges 
from engine blocks (Mg, Al), cylinder heads (Al), transmissions (Al, Mg), intake manifolds (Al, 
Mg), differential housings (Al, carbon fibre), steering components (Al, Mg, carbon fibre), brake 
components (Al, carbon fibre, ceramic), outer panel components (Al, carbon fibre, polymer), 
wheels (Al, Mg, carbon fibre) to heat exchangers (Al) [1, 10-12]. The typical weight reduction of 
heavy parts leads to a so called “ripple effect”. This means that a lighter vehicle structure allows 
a smaller engine, still keeping the same performance. A smaller engine uses less petrol and 
therefore a smaller petrol tank and a smaller transmission (for less torque) can be integrated 
[1]. As rule of thumb a weight reduction of approximately 10 % gives an estimated reduction in 
fuel consumption of around 5.5 - 8 % [1, 13]. 
Several years ago Audi introduced an aluminium intensive space frame mainly built from 
extruded parts for its top of the range A8. The pure substitution using aluminium alloys leads to 
a weight reduction of approximately 40 %. Similarly, the Alcan Ford was built using a stamped 
aluminium chassis reducing the weight by around 320 kg in comparison to its conventional steel 
frame. Another early example is the Honda NSX, also using a stamped aluminium structure with 
weight reduction of around 210 kg [1].  
Nevertheless, the major focus for the automotive industry is to engineer a lighter structure with 
the same or enhanced stiffness and crash performance compared to the full steel structure [10]. 
As an example, in Audi’s A6 in Figure 2-1, several steel components have been substituted by 
aluminium alloys. Admittedly, the strength of the lightweight materials is still the limiting factor 
and structural components such as the A- and B-pillar are still manufactured from high strength 
steels (HSS) to enable a good distribution of potential impact forces onto the vehicle frame in 
the case of an accident [14].  
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Unfortunately, the further weight reduction purely by using thinner steel parts is limited. The 
continuous thinning reduces the necessary rigidity and buckling strength of the steel and 
therefore also the cockpit structure [10]. This leads to the conclusion that for continuing light 
weighting, alternative materials to steel and common light alloys must be explored.  
Commercial magnesium and aluminium alloys for example have a much lower density (about 
one third) than steel but they do not reach the strength of the common HSS or advanced high 
strength steels (AHSS). Even though many magnesium parts are available, they are still 
expensive alloys and most of the parts are castings and extrusions due to the limited cold 
formability because of its hexagonal microstructure and extensive springback [15].  
A very stiff and strong material is carbon fibre. It has a significant advantage in strength to weight 
ratio but is still very expensive, still not applicable to large automated manufacturing volumes 
and also only recyclable to a very limited extend [16].  
Therefore, the idea arises that if it would be possible to engineer existing aluminium alloys to 
much higher strength levels, coupled with a forming strategy that allows their forming into 
structural sections, this could lead to significant weight and CO2 reductions. 
 
Figure 2-1 Audi A6 frame with aluminium parts [14]. 
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2.3 Ultra-fine grained and nano structured metals 
From the literature it is well known that a reduction in grain size leads to higher material strength 
[17]. Today, it is possible to engineer aluminium alloys with a grain structure in the nano-scale 
and with yield strength levels of up to 1 GPa [3]. At present most of the processes for producing 
such strength levels are expensive and produce limited quantities. Although, there are ongoing 
innovations to address this issue [4] the major disadvantage of these super-strong and light 
weight alloys is their limited formability which makes them unsuitable for common forming 
processes, such as stamping. 
Previous investigations on ultra-fine grained and nano-structured alloys have concentrated on 
the microstructure, thermal stability, elastic and damping properties, microhardness, 
compression and tensile behaviour and fatigue [4, 18] while only a few aimed at analysing the 
mechanical properties in sheet forming [5, 19]. 
Mostly, formability is related to the processes itself and studies are often limited by the small 
sample size. In particular, there has not been any study on the material behaviour of ultra-fine 
structured aluminium alloys in a large continuous forming process. 
To be able to understand the processes of grain refinement an overview on the variety of severe 
plastic deformation methods is presented in the following Section. 
 
2.4 Production processes for nano-structured materials using SPD 
Severe plastic deformation (SPD) was developed as a method for grain refinement. The major 
focus behind this idea was to produce enhanced material properties by establishing a very fine 
microstructure [3]. Today, several different methods of SPD are available to produce alloys with 
a microstructure in the nano-scale. 
Generally, the SPD process introduces large strains into the material during metal working while 
maintaining the overall dimensions of the specimen [20]. SPD is applicable for several different 
aluminium alloys and also for copper and other metals [4]. The aim is to achieve ultra-fine grain 
structures with extraordinary material properties combining high strength and reasonable 
ductility [18, 21, 22]. The extensive material deformation leads to a grain refinement and an 
increase in hardness due to the restricted mobility of dislocations imposed by their higher 
density, low angle grain boundaries and miss-orientation of the grains [23]. In addition, SPD 
leads to high levels of internal stresses and crystal lattice distortions, as well altering the 
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response of the material to thermomechanical treatments and its mechanical properties such 
as formability and material strength [24]. 
The well-known “Hall-Petch effect” relates to the substantial improvement in hardness and 
material strength achieved through the grain refinement during the process [23].  
ɐ ൌ ɐ଴ ൅

ξ (Equation 2-1) 
The Hall-Petch relation describes the material strength σ in consideration of its initial strength 
ߪ଴ for a decreasing or increasing grain size ݀ using a material specific strengthening coefficient 
ܭ [17]. 
As well as the many positive effects based on grain refinement there are also disadvantages. The 
main drawback of all SPD processes is that the achieved increase in yield stress is generally 
combined with a significant drop in uniform and total elongation [6]. Additionally, most common 
SPD processes require large plastic deformation which makes the production of large scale 
samples difficult [18]; consequently most of the methods only produce a relatively small amount 
of material which does not allow larger mechanical testing in formability studies e.g. the 
manufacture of larger prototype parts [25]. 
In order to address the most common SPD processes: high pressure torsion (HPT), equal channel 
angular pressing (ECAP) and accumulative roll bonding (ARB) are discussed in the following.  
In addition, cryo-rolling (CR) is introduced even though it is actually not considered a SPD process 
since it changes the overall specimen size and geometry of the material. It does however, 
produce very similar material properties such as small grain size, significant increase in material 
strength and low ductility [6, 18, 26, 27]. Cryo-rolling also allows the production of sample sizes 
large enough for conventional mechanical tests. Larger sheet metal forming tests can also be 
conducted in order to study their general formability as well as directly investigate the material 
behaviour in the roll forming process. 
 
2.4.1 Equal channel angular pressing (ECAP) 
As shown in Figure 2-2, during the ECAP process a plunger presses the material through a 
channel with a 90° angle. Doing this, the material undergoes heavy shear deformation while the 
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sample size is kept the same [10]. The ECAP process can be repeated for a further refining of the 
microstructure. 
 
Figure 2-2 Equal channel angular pressing (ECAP) [28]. 
 
The advantage of this process is that it allows a significant amount of plastic deformation to be 
introduced into the material resulting in a microstructure and texture change [10]. The ECAP 
process leads to a refinement of the grain size and microstructure. Mechanical properties are 
improved and previous cold deformation structure is diminished. ECAP samples are generally 
bulk billets that have a square or circular cross-section. However, it has been shown that only 
small aluminium sheet samples can be ECAP’ed while large initial samples sizes lead to excessive 
force requirements. For this reason the mass production of ECAP’ed material is until today 
problematic [10, 29] but there is potential for upscaling to an industrial level and further 
development is ongoing.  
 
2.4.2 High pressure torsion (HPT) 
As displayed in Figure 2-3 the specimen is kept in between a static upper - and a rotating lower 
anvil. During the process a load is applied and the specimen undergoes high torsional 
deformation while its geometry is kept constant.  
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Figure 2-3 High pressure torsion (HPT) [28]. 
 
The variation in the number of turns of the lower anvil is the major factor controlling grain 
refinement. The process has been shown to lead to a homogeneous and equiaxed 
microstructure [6]. 
In general, due to the higher shear strain in the process better material properties can be 
achieved using HPT compared to the ECAP process [21]. Nevertheless only very small scale 
sample sizes can be produced with the HPT process and this restricts its application for mass 
production [29]. 
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2.4.3 Accumulative roll bonding (ARB or RB) 
Accumulative roll bonding allows the production of long and continuous sheet material. Under 
cold rolling conditions, the metal sheet is cut in half, heat treated, surface cleaned, stacked on 
top of each other and rolled again with a 50 % reduction in thickness. This process can be 
repeated several times leading to a refined microstructure in each rolling step.  
 
Figure 2-4 Accumulative roll bonding process (ARB) [30]. 
 
Increasing the number of cycles increases the yield and overall material strength [29]. In general 
the ARB has been shown to be an effective way to refine the microstructure of aluminium alloys. 
Grain sizes as low as 0.08 μm have been reported for aluminium 5083 [31] as well as very 
isotropic material behaviour. This is due to the ability of repeatedly stacking the aluminium 
sheets with a 90⁰ offset also leading to improved strength and ductility of a 6000 series 
aluminium alloy tested in a tensile test [29]. 
 
2.4.4 Cryo-rolling 
Cryo-rolling (Figure 2-5) is the repeated thickness reduction by rolling of thick strip after cooling 
in liquid nitrogen. The cryogenic temperature (below -150 °C) leads to the suppression of 
dynamic recovery of the deformed structure and to a finer microstructure compared to rolling 
at ambient temperatures [23, 25]. The introduced forming strains are lower and combined with 
a change in shape. The resulting microstructure shows grain refinements similar to those 
observed in conventional SPD processes which are associated with an increase in material 
strength and a reduction in ductility [6, 18, 27].  
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The thickness reduction in each rolling step can vary. Nevertheless, experience has shown that 
20 - 30 very small reduction steps at an equal strain in each step lead to a nano-/ ultra-fine 
microstructure with enhanced material properties and no material fracture during rolling [6].  
 
Figure 2-5 Sketch of cryo-rolling process. 
 
The significant advantage of cryo-rolling is its ability to produce large scale sample sizes [18, 25] 
while it also leads to a heavily deformed microstructure with high density of dislocations in nano-
scale networks [32]. The plastic deformation required achieving the increase in strength and 
reduction in grain size is generally lower compared to the SPD processes. The decreased 
temperature has the large benefit that it leads to a higher steady state of accumulated 
dislocations compared to normal room temperature rolling [32].  
The disadvantage of cryo-rolling is (similar to the other SPD processes) the loss of material 
ductility due to the high plastic deformation. The strain hardening behaviour is significantly 
reduced and this leads to poor formability in tension or stretch forming while in biaxial stretching 
and bending moderate formability has been reported [6].  
 
2.4.5 Plastic deformation – strain hardening 
The high levels of plastic deformation introduced during SPD processing and also cryo-rolling 
leads to a rapid strength increase (work hardening) of the materials due to the entanglement of 
dislocations in the grain structure of the material. If the material is deformed any further, the 
movement of dislocations is blocked by lattice defects or other dislocations which require 
additional stress to overcome those obstacles; this leads to a rise in material strength [17]. In 
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general, a high work hardening rate is important to provide a homogeneous and uniform 
elongation and to avoid or delay early necking (localised deformation) under load. Since the 
process of cryo-rolling has already introduced a high amount of plastic work, the ability to 
further accumulate dislocations in the lattice is very low and the strain hardening rate for 
severely deformed materials is generally small [33]. 
The high dislocation density due to the strong plastic deformation in the cryo-rolled material is 
one of the main reasons for the improved strength of this material compared to the coarse 
grained alloy in its undeformed state. For this reason, research is aimed at improving the strain 
hardening behaviour of SPD materials in order to retain its ductility at room temperature 
without sacrificing strength [33]. 
 
2.4.6 Summary 
The common production processes for ultra-fine and nano-structured materials are introduced. 
It is shown that severe plastic deformation (SPD) can significantly strengthen a commercial 
aluminium alloy due to strain hardening and some of the common methods are discussed. 
Unfortunately SPD processes do not only lead to significantly improved material strength but 
also to very limited ductility and therefore to minor formability.  
Even though some of the processes like ECAP and ARB show the potential for future upscaling, 
they are currently still limited to small sample sizes. Due to this limitation, most of the research 
to date has been restricted to small samples sizes with material properties investigated mainly 
in a tensile test. 
Cryo-rolling is introduced as it is able to provide materials with similar microstructures and 
properties comparable to the common SPD processes. It also allows the manufacturing of large 
scale samples for formability testing and sheet metal forming trials.  
However, to fully understand the mechanical behaviour of aluminium alloys with SPD or SPD like 
microstructures, the following Section will give a review on the mechanical properties, general 
formability claims as well as the potential of heat treatments to alter the material elongation. 
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2.5 Mechanical properties and formability  
Good formability of high strength material is an important factor for a significant number of 
applications. The formability of a metal relies on its ductility and capability to deform plastically 
under load before fracture. In general there are two different fracture modes for metals, namely 
brittle or ductile fracture. In the brittle failure mode micro-cracks develop under load and 
sudden fracture occurs. When a material behaves in a ductile fashion, it can start necking at a 
local instability and the material continues to deform plastically before fracturing [34, 35]. 
Ductile behaviour is therefore the more favoured deformation behaviour of a material as it is 
foreseeable, controllable and improvable with heat treatments for example. 
 
2.5.1 Approaches to improve ductility/ formability 
Generally, nano structured or ultra-fine grained materials show exceptional improvement in 
material yield and strength but also have very limited formability. Even if some studies suggest 
that ductility can be improved using heat treatments, in general the total amount of ductility is 
very low for most conventional sheet forming processes such as stamping [6, 33]. 
Several studies have shown that the tensile (uniaxial) elongation in ultra-fine grained materials 
is generally below 5 % and that strain-rate sensitivity is increased [6, 18, 33, 36, 37]. Often the 
materials have a high yield stress which is subsequently followed by necking and fracture. 
However, formability under other strain paths, for example in deep drawing of small cups or 
stretch forming seems to be different and much higher formability can be achieved [5, 6]. Taylor 
et al. [6] showed for cryo-rolled commercial-purity aluminium that in biaxial tension, membrane 
strains of more than 20 % can be achieved in comparison to only 5 % in a standard tensile test. 
They related this effect to the fact that in biaxial tension the onset for local necking can be 
geometrically constrained leading to higher forming limits. Additionally Ma et al. [5] showed 
that deep drawing of small cups is possible. They observed that the biaxial ductility of ultra-fine 
grained copper is much greater than the uniaxial ductility (< 1 - 2 %) after the ECAP process. 
Both of the above results show that it is possible to cold form the very low ductile materials in 
some processes even if the tensile test reveals only very small elongations below 2 %.  
This very interesting finding leads to the idea that a different forming strategy might be able to 
allow the cold forming of those materials and the question arises “under what forming 
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conditions or forming paths do fine grained metal can show higher formability than observed 
in uniaxial tension”?  
However, to be able to find an answer to this general question and going beyond the potential 
benefit or drawback of the materials strong strain rate dependency, it must be understood 
what type of aluminium alloys have already been utilised within SPD processing. It also needs to 
be reviewed what type of heat treatment can be utilzed to positively alter the material 
properties depending on the alloying ellements.  
 
2.5.2 Aluminium alloys commonly used in SPD processing 
Commercially available aluminium alloys range from 1000 series to 8000 series in which the first 
number indicates the key alloying element. The 1000 series alloys are 99 % purity aluminium. 
They are very soft, have a high total tensile elongation >30 % and can be heavily work hardened. 
The 2000 series are alloyed with copper and can reach strength levels comparable to common 
steels with around 300 - 400 MPa in yield strength. They were initially used as aerospace alloys 
but have been nowadays replaced with 7000 series alloys due to issues with stress corrosion 
cracking [38].  
The 5000 series are alloyed with magnesium. They are highly formable, but not heat-treatable 
and are widely used in the North American automotive industry for inner panel and structural 
applications because of their good formability and deep draw behaviour [1, 38]. Murashkin et 
al. showed that it is possible to engineer a 5083 series alloy up to a yield strength of 
approximately 950 MPa with a total tensile elongation of 4.7 % using high pressure torsion [39]. 
Also alloyed with magnesium plus small amounts of silicon are the 6000 series alloys. They are 
low-cost materials and easy to machine. They are precipitation hardened but do not reach the 
high strength levels in SPD processing which can be achieved with the 2000 and 7000 series [38]. 
They are commonly used in the European automotive industry due to their good formability [1]. 
The 6000 series are heat treatable and often used for outer panel applications in the automobile. 
One great advantage is their bake hardenability which gives the potential for a further increase 
in strength after forming [1, 38]. Nurislamova et al. [21] showed that it is possible to engineer a 
6061 series alloy up to yield strength of 660 MPa using high pressure torsion. In their study they 
compared two different methods of severe plastic deformation and showed that equal channel 
angular pressing leads to lower strength levels compared to the HPT process. They highlighted 
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the good combination of formability, strength, corrosion resistance and weld ability of the 6061 
series and suggested that Mg and Si are important in refining the microstructure in the SPD 
process [21]. 
The 7000 series are alloyed with zinc and can be precipitation hardened. They generally reach 
the highest strength and are therefore commonly used as aerospace alloys. Liddicoat et al [3] 
showed that it is possible to engineer small scale aluminium 7075 series samples up to a yield 
strength of approximately 1 GPa and a uniform elongation of around 5 % in tension using HPT. 
They suggested that these extraordinary material properties are due to a combination of grain 
refinement, high number of dislocations and precipitate particles [3]. Using a 7075 series alloy 
also, Zhao et al. observed that it is possible to achieve a yield stress level of 615 MPa with up to 
7.5 % total elongation using cryo-rolling [33]. Nevertheless, Zhao et al. and several others also 
used additional heat treatments to be able to modify the microstructure of their alloys to fully 
enhance the properties with aim to maintain or further increase the strength or the ductility.  
Considering those general approaches on improving the material properties of the alloys it 
becomes clear that “SPD processing in combination with subsequent heat treatments seems 
to be the necessary procedure to alter and enhance the material behaviour to the desired 
properties”.  
The potential of annealing and/ or heat treatments will be therefore further reviewed in the 
following Section.  
 
2.5.3 Recover annealing/ heat treatments 
The heavy plastic deformation through the SPD processes induces dislocations into the metal. 
The most efficient way of reducing the dislocation density and to regain formability is to expose 
the material to heat [10]. Depending on the material and temperature this can take a few 
seconds [6], minutes or hours [23]. In general, annealing treatments relieve internal stresses and 
lead to recrystallization combined with a further increase in ductility. Annealing softens the 
material and reduces the material strength [17, 18, 38].  
There are two different reasons for the loss in strength of the material, namely recovery and 
recrystallization. Recrystallization is the regeneration of the microstructure through the 
formation and movement of wide-angle boundaries and elimination of the deformed 
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microstructure. Recovery characterises the processes where dislocations are eliminated without 
the formation of new strain free grains [17]. 
Especially, in severely deformed materials, the yield stress is significantly affected by a heat 
treatment that induces grain growth [4]. In addition, the hardness decreases with increasing 
annealing time and temperature [17]. Annealing of a deformed microstructure, in the case of a 
nano-structured material, therefore leads to a recovery of the matrix due to the removal and 
rearrangement of dislocations and through that to a recovery of plasticity [18]. 
Aging treatments are important for some aluminium alloys and can be used to improve the 
material properties and to strengthen the matrix. For aluminium alloys, especially for those that 
can be precipitation hardened, aging treatments are commonly used during the production of 
the alloy to enhance the material properties. During aging, which is generally a low temperature 
heat treatment (<200 ⁰C), precipitates are released into the crystal lattice which enhances the 
material strength and can also alter the ductility [17].  
Considering that heat treatments can generally be applied following SPD processing Zhao et al. 
[33] made significant use from this technique and showed that an aging treatment of a 7075 
series alloy after cryo-rolling increased uniform elongation from 3.3 - 7.4 % and the yield stress 
from 550 to 615 MPa. They related this effect to the generation of a high density of second 
phase particles in the precipitation hardened alloy while maintaining the fine post cryo-rolled 
grain size during the heat treatment. In this way dislocations are accumulated and dislocation 
slip supressed.  
Weiss et al. could show similar advantages for a cryo-rolled 2024 aluminium alloy that is also 
heavily strengthened through precipitates [19] within the matrix. They could achieve strength 
levels within the range of 610 MPa and uniform elongations of around 7 % through combinations 
of cryo-rolling and artificial aging of the material. This combination of cryo-rolling and aging is 
therefore also used within this experimental work as it shows very promising combinations in 
regard to the strength of the alloy with the potential to alter the uniform and total elongation. 
The authors also concluded that for cryo-rolling aluminium 2024 it is mandatory to apply an 
overnight solution treatment prior to rolling. The necessity for this treatment is based on their 
experience with evolving precipitates during the cryo-rolling process through the Mn and Cu 
enriched T phase. If the material has been naturally/ artificially aged prior to cryo-rolling (where 
the precipitates evolve), the precipitates are already within the matrix leading to severe edge 
cracking during the cryo-rolling process. 
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Similarly, Rangaraju et al. showed that it is possible to maintain plasticity with good 
combinations of strength and uniform- and total elongation using cryo-rolling and subsequent 
annealing treatments at 275 ⁰C for various times for commercial pure aluminium [18].  
Some previous studies [23, 25] reported also that the high dislocation density in cryo-rolled 
material results in a high number of nucleation sites and a further refinement during post-roll 
annealing. They also showed for a 6063 series aluminium alloy that the material strength and 
ductility can be improved through the combined effect of suppression of dynamic recovery and 
grain refinement during rolling. This is due to the combined effect of partial recovery and 
precipitation hardening during a subsequent annealing [23]. 
Several other authors have also tried to improve the material properties of nano-structured 
metals as well as testing their formability [3, 6, 29]. Generally, one of the common SPD methods 
is chosen and coupled with a specific heat treatment to alter the materials ductility.  
Especially for this work the previous investigations of Taylor et al. [40] and Rangaraju et al. [18] 
on pure aluminium are of great interest as they both present very interesting approaches for 
cryo-rolling and annealing pure aluminium which is similarly applied in this work. In addition, 
the work of Weiss et al. on aluminium 2024 and Zhao et al. on aluminium 5083 has shown the 
most promising solution of processing large material quantities using cryo-rolling. Both 
strategies are also leading to high strength material while altering uniform and post uniform 
elongation with an additional increase in strength using subsequent heat or aging treatments.  
 
2.5.4 Summary 
The above Section reviews the approaches performed to date to improve and investigate the 
mechanical material behaviour of SPD processed ultra-fine grained and nano-structured sheet 
metals. The focus is on aluminium alloys since several studies have shown that the material 
strength of an aluminium alloy can be significantly improved using SPD techniques with or 
without heat treatments. The general aim is to modify the material properties to the best 
possible combination of strength and ductility. 
However, the main test method that has been commonly used in those studies for material 
characterisation is the uniaxial tensile test where the uniform elongation is limited. A promising 
pathway was shown, that if different or additional strain paths are used during forming, the 
Chapter 2 23 
formability of severely deformed materials is not necessarily as limited as investigated in a 
tensile test. 
In addition to this finding of the strain path effect it was also stated earlier that fine structured 
metals have strong potential to show strain rate sensitivity due to their small grain size. 
Strain rate sensitivity has been a commonly observed material behaviour for SPD processed 
aluminium alloys. Importantly, depending on the factor of sensitivity, a material can withstand 
higher or lower elongation (uniaxial tension) depending on the applied speed of deformation 
[17].  
However, to fully understand the effect of strain rate on the material elongation and its ability 
to potentially enhance the alloys uniform and/ or post uniform elongation the effect must be 
reviewed.  
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2.6 Strain rate sensitivity and its potential to alter post uniform elongation 
During plastic deformation, the continuous increase in loading stress on the material leads to 
breaking of the previously blocked dislocations and different slip systems can be activated. With 
continuous deformation of the material the strain hardening mechanism slows down until 
plastic deformation cannot be carried any further and necking occurs [17].  
When the material starts to form a neck at an inhomogeneity plastic deformation becomes 
unstable. In the case of necking, further strengthening by strain hardening is small and the 
material cannot resist the increasing reduction in cross section area. This is called “geometric 
softening” [34, 41]. The onset of necking in the tensile test can be described using the Considère 
criterion with its critical condition (Equation 2-2): 
݀ߪ
݀ߝ ൌ ߪሺͳ ൅ ߝሻ 
ߪ= Stress at instability 
ߝ= Strain at instability 
(Equation 2-2) 
Fortunately fine structured metals can show strain rate sensitivity that can significantly alter the 
material behaviour in regard to its strength, potentially suppress necking and therefore 
immediate fracture. High rate sensitivity has been observed for ultra-fine grained metals such 
as commercial purity aluminium and various other aluminium alloys [4, 17, 29, 42].  
In a standard tension test, strain-rate sensitivity can lead to a jump in the load/ extension 
diagram if the cross-head speed is increased approximately by a factor of ten [35]. Specific for 
aluminium alloys, the increase in strain rate mostly results in an increase in strength and a 
reduction in fracture strain. A positive high strain-rate sensitivity ࢓ can therefore enhance the 
uniform tensile elongation [33].  
Strain rate sensitivity ݉ is defined to:  
mൌ ୪୬ሺఙభȀఙమሻ୪୬ሺఌሶ భȀఌሶ మሻ  (Equation 2-3) 
 
In the case of a positive strain-rate sensitive material, the rise in the strain rate therefore results 
in a local increase of material strength and suppresses the deformation in the “necking area”. 
This effect is important as it can lead to large values of reduction in area of the neck due to the 
less severe strain concentration. In its extreme manifestation, this phenomenon was found to 
lead to superplastic material behaviour and very high total elongation above 400 % [17].  
Chapter 2 25 
Obviously it is not expected that ultra-fine and nano-structured materials can achieve such high 
values of elongation. There is however, potential of the fine structured alloys to compensate 
some of the deformation due to the effect of an increased value of the strain rate sensitivity 
exponent, ࢓, leading to larger values of reduction in area and increasing values of post 
uniform elongation.  
 
2.7 Summary and first conclusion 
The literature review has shown that there is a clear need for further light weighting in the 
automotive body structure to significantly reduce carbon emissions. Severe Plastic Deformation 
(SPD) methods were therefore introduced as they enable the manufacturing of ultra-fine 
grained and lightweight aluminium alloys. These materials show great potential in substituting 
for steel due to their high strength at significantly reduced weight. Unfortunately the direct 
application of those materials is currently very limited due to the significantly reduced ductility 
generally observed in the uniaxial tensile test. Fortunately some studies investigated SPD like 
materials also in biaxial stretching, with the result that elongation can actually be significantly 
increased if different strain paths are utilised.  
Considering the strain path effect, leads to the conclusion that, there could be potential for ultra-
fine grained aluminium alloys within a manufacturing technology that can take advantage of 
such an effect. Unfortunately there has been no manufacturing process available to date which 
is understood to such level of detail to directly implement forming strategies. Nevertheless, one 
process that has been shown to be able to form high strength and low elongation steel is the 
roll forming process. Roll forming is a continuous sheet forming technology where steel sheet is 
incrementally bent into longitudinal and three dimensional shapes. It is also commercially used 
to cold form higher strength steel and one of the very common steels that is manufactured in 
Australia is G550 having a total elongation of only 2 %.  
In addition it was reviewed that not only the strain path effect might lead to potential in 
enhancing the overall properties of the fine structured alloys. Commonly a strain rate effect is 
present too, which could allow the material to compensate further deformation in its field 
application having the additional benefit of a significant strength increase at a rising strain rate.  
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Using roll forming could therefore enable the manufacturing of three dimensional shapes to 
structural components within the automobile. Especially the strain rate sensitivity of the 
material could be of great advantage for crash applications. However, to be able to showcase 
the potential of the ultra-fine grained materials we need to review the roll forming process in 
order to find answer to the main research question of this work: “Can we engineer ultra-fine 
structured metal sheet with high strength and strain rate sensitivity that can be roll formed to 
simple structures?” 
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2.8 Roll Forming 
2.8.1 Introduction 
Roll forming has been used commercially for more than 100 years as it allows high productivity, 
full automation, close tolerances and a complex variety in profiles [43]. So far, most of the 
formed parts have been structural building components. More recently, roll forming is also 
applied for the forming of automotive structures and crash components due to its capability of 
forming high strength and low ductile materials as shown in Figure 2-6 [13, 43, 44]. The large 
benefit is its flexibility to compensate for springback of the material as well as the possibility of 
implementing secondary procedures in line [45, 46]. Roll forming also allows the manufacturing 
at room temperature which makes forming operations for high strength materials cheaper in 
comparison to conventional hot stamping or hydro forming technologies. Unfortunately, only 
uniform sections are currently formed using conventional roll forming but development is on its 
way towards a more advanced and flexible roll forming technology with higher diversity of 
geometry [8, 47-49].  
 
Figure 2-6 Structural applications for roll formed products in the automotive [50]. Also typically found in 
bumpers, seat components, bottom sill reinforcements, roof bars and side impact beams [43, 51].  
 
2.8.2 The roll forming process 
Conventional roll forming is a continuous bending operation in which a long strip of metal, 
typically coiled steel sheet, is passed through consecutive sets of rolls or stands [52]. Each roll 
set performs an incremental bend or bends, until the desired cross-sectional profile is obtained. 
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Roll forming is ideal for producing parts with long lengths in large quantities at high production 
speed [51, 53]. 
 
Figure 2-7 Schematic of the roll forming process [54]. 
 
Figure 2-7 shows a schematic of a typical roll forming line for a channel section. It can be seen 
that the desired product shape is obtained in five incremental bending operations. At the end 
of the line the material can be cut to various lengths using a saw or a cutting die [52]. 
The roll forming technology also creates the advantages of high productivity, nearly unlimited 
lengths, close tolerances and improved surface finish. It also permits a large variety and 
complexity of shapes. Some well-known basic products of the roll forming process include 
gutters, metal sheets used for roofing, noise cancelling walls and protection barriers used on 
highways, shelving units and roller door guides [51-53, 55-57].  
 
2.8.3 Fundamental types of deformation in roll forming 
In roll forming, metal strips enter the forming line either in pre-cut strips or in the form of sheet 
directly fed from a coil. The final shape of the roll formed product is dependent on six major 
deformation modes which are displayed in Figure 2-8. The redundant deformations (elongation 
and shrinkage) are known to significantly influence the forming process, especially in 
combination with a pre-initiated residual stress profile in the sheet [52, 58]. 
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Figure 2-8 Forming behaviour of a metal strip in roll forming [52]. 
 
During roll forming the straining of the edge (as shown in Figure 2-8 (a)) of the material strip can 
lead to significant issues during the forming process. Unfortunately the pathway, the material 
has to travel in roll forming, is longer in (a) due to the bending angle in comparison to (a’) at the 
bottom of the section. This geometrical effect results in larger longitudinal material strains in (a) 
in comparison to (a’). In the common case, straining in (a) can occur beyond the yield point of 
the material and the edge of the steel strip remains stretched after unloading, leading to shape 
defects. However, the large benefit of high strength steel in this case is that residual strains 
occur later or are absent due to the high material yield and commonly, straining of the edge can 
remain within the elastic limits, significantly improving the roll forming process.  
In addition, the mentioned incremental forming with redundant deformation and a material 
constrained within the roll stands can have very beneficial effects for the forming of high 
strength steel, leading to smaller forming radii and lower springback. However, to build up on 
the understanding of high strength steels in roll forming the advantages and problems need to 
be further reviewed in the following Section. 
 
2.8.4 Advantageous and problems for roll forming of high strength materials 
Generally a lower yield stress is more appreciated to allow good plastic deformation. Thus, roll 
forming is an exception as a cold forming process where a high yield stress can actually lead to 
more accurate profile geometries.  
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Nevertheless, the common problem with forming high strength material is springback as shown 
in Figure 2-9. In roll forming, springback can be accounted for by over-bending, however the 
major issue hereby is to estimate springback correctly [43, 45, 59].  
  
Figure 2-9 Springback in metal sheet in bending [54]. 
 
To understand the effect of springback for the process, Figure 2-9 shows the material behaviour 
of a metal strip which is gradually bent to a specific radius of curvature, Ri. After unloading, the 
strip will spring back to a greater radius of curvature, Rf, due to the release of the stored elastic 
energy in the material. The difference in radius of curvature ΔR or angle Δθ is the amount of 
springback. In roll forming and bending processes springback increases with a rising material 
strength, thinner material or bigger bending radius [44-46]. 
Springback is also dependent on the material’s Young’s Modulus. In the fact that aluminium 
alloys have a much lower modulus, about a third of steel (210 GPa for steel and 70 GPa for 
aluminium), higher springback will be the result [46].  
Fortunately, the major deformation mode in roll forming is bending and shape is achieved in 
incremental steps. This was found to lead to less springback in comparison to single step bending 
or V-die bending at the same radius and is explained with the redundant deformation and the 
influence of the hydrostatic stress due to the constraint of the material in the roll forming 
stations [60-62].  
In the case of the SPD treated materials a high residual stress profile is also assumed to influence 
the forming behaviour of the aluminium alloys. Residual stresses were found to significantly 
affect the bending properties (especially the yield point) of sheet metal leading to potentially 
reduced springback but also to the risk of shape defects [53, 63-66]. 
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In general, the most significant and difficult drawback of all high strength materials is the low 
formability. If the material does not have enough formability, splitting does occur leading to full 
damage of the rolled profile [44, 67].  
However, depending on the material grade some studies show that very small radii (~1.5 mm) 
and large bending angle of 170⁰ can be formed with some martensitic grades with 1400 MPa in 
ultimate tensile strength [43]. Other studies show that cold rolled stainless steel with up to 6 % 
of total elongation can only be formed partially heated to similar radii not achieving the high 
bending angle and remaining at 120⁰ [67]. 
One of the commonly roll formed higher strength steels in Australia is G550 (~600 MPa ) with 
an approximate very low total tensile elongation of only 2 % at a maximum thickness of 1 mm 
[68, 69]. G550 is generally roll formed to various shapes for structural applications within the 
construction industry. Nevertheless, it is not fully understood why this steel does perform at 
such a high level of formability.  
Considering this, it is not surprising that there are also no further studies in the literature dealing 
with the formability and absolute material limits of ultrafine- and nano structured high strength 
sheet metals targeted to the roll forming process. As mentioned, those materials are usually 
tested under tension where they reach very low total elongations of a few per cent and only the 
formability testing in deep drawing and stretch forming could achieve larger strains [5, 6, 33]. 
However, considering the generally comparable material properties with high strength and 
low uniform elongation, it becomes clear that roll forming might be the solution for shaping 
ultra-fine-structured aluminium alloys. 
As this intention has not been addressed before the research question arises “What is the roll-
formability of ultra-fine structured metals and what are the limitations depending on the 
bending method”. 
In order to analyse this research question and to allow the comparison between roll forming and 
bending, three simple methods are used in this study which are generally performed to compare 
materials within and to the roll forming process. The techniques can be used to evaluate 
springback of a given material and also to determine the minimum bending radii.   
One of these methods is the minimum bending radius test which will be explained in Section 
3.5.5. It is used to determine the smallest bendable radius of a material in formability studies or 
prior to planning a roll forming strategy in order to choose the right tooling [44].  
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Another common test method for analysing sheet material for the roll forming process is the V-
die bending test. In a simple test scenario as shown in Section 3.5.6 simple shapes can be directly 
compared to roll formed profiles. This allows very valuable material characterisation in order to 
evaluate parameters like springback or the final bending radius at higher forming strains.  
A third easy to use material characterisation through bending is the pure bend test. It is a very 
advantageous characterisation for materials that are commonly used in the roll forming process. 
The comparison between roll forming and this bending method relies on the ability of this test 
to apply a pure bending moment to a given sample and the theory that the roll forming process 
is an incremental but continuous bending process. The bend test was developed by Weiss et al 
[70] and has been used, to date, in several studies examining the change in bending behaviour 
of aged, pre-strained, skin passed or roller levelled materials and their effect on the roll forming 
process [53, 63, 65, 66, 71]. 
Even though it is shown that some of the techniques like V-bending and the minimum bending 
test fail the very precise prediction of springback and minimum bending radius [45] they are still 
very valuable in characterising the general properties. Especially for the more detailed 
understanding through formability studies likewise shown in this work while developing new 
materials for the roll forming process. 
  
Chapter 2 33 
2.9 General summary and main conclusions 
It is in the interest of the automotive industry to reduce the vehicle fuel consumption to save 
greenhouse gas emissions. In recent years, a significant amount of weight has been already 
reduced by the substitution of steel with aluminium or other light metals. In addition, thickness 
downsizing in combination with the use of higher strength steels has been very effective.  
Unfortunately, in today’s industrial practice, the reduction in thickness is limited to a certain 
degree and structural parts lose their rigidity with further thinning of the steel. Additional 
substitution with commercial light-weight materials (e.g. magnesium and carbon fibre) can be 
very cost effective, are difficult to apply for mass production or both. 
A new material solution must be found and promising results have been observed with ultra-
fine grained and nano-structured aluminium alloys manufactured using severe plastic 
deformation (SPD). Material strengths comparable to high strength steels can be achieved while 
having the advantage of a significant lower density compared to steel. Generally, the SPD 
process allows the effective enhancement of the material properties of commercial alloys. 
However, final strength and ductility of the materials are also significantly dependent on the 
alloy composition, the used SPD method as well as subsequent aging or other heat treatments.  
The complications within all the SPD processed materials are in the overall loss of formability. 
While the material strength can be significantly enhanced, uniform and total elongation in 
tension remain very small. It is reported, that deformation at different strain paths rather than 
pure tension increases the formability of the materials significantly. 
A process that therefore may allow the forming of such high strength and low ductility materials 
is roll forming where the sheet is incrementally bent in several roll stations.  
Roll forming has previously shown that high strength and low elongation sheet metal can be 
formed. Specifically G550 with very small values of uniform and total elongation is typically 
manufactured to complex longitudinal structures. However, it has not been reported to date 
what material parameters actually trigger the formability of the low elongation steel. The 
process limitations for low elongation ultra-fine and nano-structured sheet in roll forming have 
not been comprehensively investigated. Thus leading to the first main research question of this 
thesis: What is the roll-formability of ultra-fine structured metals and what are the limitations 
depending on the forming method? 
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In order to find answer to this question, SPD methods were reviewed and it was explained that 
cryo-rolling enables the production of large quantity of material under laboratory conditions 
with material properties similar to the SPD processed materials. The material produced is 
analysed in an initial formability study and general conclusions are made in relation to the 
materials overall formability and general advantages of the roll forming process.  
However, this initial formability study only allows determining if the materials are roll formable 
but it does not give an adequate answer to the initially raised question in regard to what actually 
triggers the formability of a material in the process. Therefore the “critical material parameters 
that link the simple mechanical behaviour (i.e. from a tensile test) to roll formability” will be 
further investigated.  
Typical heat treatments for various aluminium alloys are therefore discussed in the literature as 
they enable to alter the materials response in regard to strength and especially in relation to 
uniform and total elongation.  
The direct comparison of various heat treated aluminium alloys tested under tensile conditions 
in combination with the same materials tested in roll forming therefore allows a good 
comparison of the capabilities of the forming process. It also allows a clearer investigation of 
why it is possible to roll form materials that exhibit very little uniform and total elongation.  
As the materials application was initially proposed to be for automotive crash applications the 
literature review also discusses the potential strain rate sensitivity of fine structured materials 
and its potential advantages in regard to enhancing post uniform elongation. Therefore the 
question was raised: “What is the high rate material behaviour of ultra-fine structured metals 
and how does this correlate with post-uniform elongation?” 
To find answer, the literature review therefore discusses the general effect of strain rate on the 
material properties of metals. In the following, this study analyses the effect of strain rate 
sensitivity and high rate behaviour of the cryo-rolled aluminium alloys to investigate the 
application of the high strength ultra-fine materials for automotive crash components. The study 
also analyses the effect of strain rate in relation to post uniform elongation in order to determine 
if the fine microstructure of the materials can enhance the strain rate sensitivity aiming at 
enhancing post uniform elongation of the materials.  
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Chapter 3 
 
3 Experimental procedures and materials  
The following chapter will introduce the materials and experimental techniques used in this 
work. Some techniques will go into more detail while others only touch the basics since they are 
commonly used techniques for material characterisation.  
 
3.1 Aluminium alloys 
The aluminium alloys used in this investigation can be divided into commercial and self-cast 
alloys as outlined below. However, all of them undergo very similar processing during cryo-
rolling to produce long, 2 mm thin strip mostly followed with an annealing or artificial aging 
treatment. 
 
3.1.1 Commercial available alloys 
Previous experience of co-workers and the discussed literature in Section 2.5, in regard to the 
ability of cryo-rolling and heat treating aluminium alloys with good enhancement of strength 
and the ability to vary formability, led to the decision for three types of alloys as explained below 
[4, 18, 19, 33, 40, 72, 73]. 
Pure aluminium with a purity of 99.8 % was chosen as the literature had shown that this is ideal 
for the initial formability study to investigate its material properties in combination with cryo-
rolling. The material was purchased in ingot form from Buceck Industries PTY. LTD, Moolap, 
Victoria.  
The commercial available alloys namely aluminium 2024 and aluminium 5083 were chosen as 
they both had previously shown a very good strength increase and heat treatability in 
combination with cryo-rolling. They were both purchased through the distributer Airport 
Metals, Tullamarine, Victoria (Al 2024) and Breakwater Metalland in Geelong (Al 5083). The 
aluminium 2024 was delivered as plate of 9.6 mm thickness. The aluminium 5083 was obtained 
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with a thickness of 6.8 mm. The chemical compositions of all three materials are given in Table 
3-1.  
 
Table 3-1 Chemical composition of the commercially purchased aluminium alloys  
Element % Si Fe Cu Mn Mg Cr Zn Ti Al 
Al 2024 0.5 0.5 4.9 0.9 1.8 0.1 0.25 0.15 remain 
Al 5083 0.1 0.4 0.03 0.3 4.2 0.04 0.01 0.01 remain 
Pure Al 0.06 0.1 0.002 0.001 0.006 0.001 0.01 0.005 99.8 
 
3.1.2 In house cast alloys  
Based on the results obtained in Chapters 4 and 5 in this work four additional aluminium alloys 
were casted. The concept was to allow further enhancement of strength with the idea of 
designing various alloys with similar uniform elongation but different levels of reduction in area. 
The alloys with rising Magnesium (Mg) content were cast using an in-house foundry at the 
Institute for Frontier Materials. The castings were limited to a weight of approximately 2 kg 
having a block thickness of 40 mm, a width of 220 mm and a length of 140 mm respectively. 
Four alloys were cast using aluminium (chemical composition shown in Table 3-1) as the base 
alloy combined with four different levels of magnesium, 0.4 % (alloy 1), 0.8 % (alloy 2), 1.2 % 
(alloy 3) and 5 % (alloy 4).  
 
3.2 Aluminium sheet production using cryo-rolling 
Pure aluminium at 80 % and 60 % reduction 
Billets of the purity aluminium were cut into square strips and machined to a good surface finish 
before hot rolling at 500 ⁰C followed by air cooling. The sized pieces relate to an equivalent 
length of ~160 mm for a 10 mm thick strip, and at a length of 260 mm for a 5 mm thick strip. The 
final width for both hot rolled plates was ~80 mm. 
The thick plates were then cryo-rolled in a two high rolling mill as shown Figure 3-1. The roll 
diameter was 365 mm and a set rolling speed of 15 rev min-1 was used. The aluminium plate was 
first kept in liquid nitrogen until bubbling stopped as shown in Figure 3-1 b and was then rolled 
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without lubrication as this would freeze to the surface and not enhance the rolling process. After 
each rolling pass the sheet was submerged in the liquid nitrogen bath to keep the material at 
the cryogenic temperature (below -150 ⁰C). The reduction for each of the strips was from 10 
mm to 2 mm (equalling 80 % reduction) or 5 mm to 2 mm (60 % reduction) as this had shown to 
lead to very fine microstructures. Larger incremental steps of reduction were possible (even 
without lubrication) but did not lead to the fine grained microstructure desired.  
The rolling process took approximately 30 steps for the 80 % reduction and 20 steps for the 60 
% reduction using an average strain of -0.05 in each pass. The final sheet length was 
approximately 800 - 900 mm. The long strips were then cut to a width of 75 mm using a guillotine 
to obtain a clean and straight edge as well as to suit sheet dimensions required for the roll 
forming process shown in Section 3.6.1. 
 
In house cast alloys with variable Mg content 
Similar to the commercial purity aluminium, small blocks were cut and machined to a clean 
surface finish prior to hot rolling at 500 ⁰C followed by air cooling. The 5 mm thick strips with an 
approximate length of 260 mm and 80 mm in width were then recovery annealed at 500 ⁰C for 
12 hours before water quenching and cryo-rolling. The same rolling schedule as for the 
commercially purity aluminium was applied to achieve a 60 % reduction in 20 rolling steps.  
 
Processing of aluminium 2024 
The 9.6 mm thick aluminium 2024 plate was cut into strips of approximately 160 mm length and 
80 mm width and then hot rolled at 500 ⁰C to a thickness of 5 mm. The plate was left in the 
furnace for a solution treatment at 500 ⁰C for 12 hours. For rapid cooling the plate was water 
quenched and then submerged into the liquid nitrogen bath prior to the cryo-rolling process. A 
total reduction of 60 % at an average strain rate of -0.05 was applied in approximately 20 rolling 
steps. The final strip length was 800 mm at an overall material thickness of 2 mm. 
 
Processing of aluminium 5083 
The 6.8 mm thick aluminium 5083 plate was cut into sections of approximately 300 mm in length 
and 80 mm in width and hot rolled to a thickness of 5 mm. Following a 12 hour recovery anneal 
at 500 ⁰C the plate was water quenched and then submerged in the liquid nitrogen bath until it 
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stopped bubbling. The plate was then cryo-rolled using the previously mentioned standard 
procedure.  
 
a)  b) c) 
Figure 3-1 a) Two high rolling mill; b) aluminium strips submerged into liquid nitrogen bath; c) 
aluminium strip fed into rolling mill. 
 
3.3 Room temperature rolling 
For the initial comparison in formability the commercial purity aluminium was also rolled at 
room temperature using a similar rolling schedule as applied for the cryo-rolling process. An 80 
% reduction was applied with an equivalent rolling strain of –0.05 in 30 steps at room 
temperature to produce 2 mm thick strips.  
 
3.4 Annealing and aging treatments 
Following cryo-rolling different heat treatment strategies were undertaken to vary material 
strength as well as uniform-, total- and post uniform elongation to initiate a measurable 
formability change under tensile and bending conditions and in roll forming of the materials.  
The heat treatment was performed for various holding times under an air atmosphere using a 
fluid bed furnace at 275 ⁰C (recover annealing) and 100 ⁰C (artificially aging) before cooling at 
air.  
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3.5 Material characterisation 
3.5.1 Microstructure analyses using scanning electron microscopy (SEM) 
To characterise the microstructure of the purity aluminium a Zeiss Supra 55 variable pressure 
FEG - SEM was used. Images were obtained using an angular selective backscattered (AsB) and 
an electron backscatter diffraction (EBSD) detector at 20 kV, with an aperture of 60 μm in high 
current mode. Prior to imaging, the samples were cold mounted in epoxy resin and polished 
with 6 μm and 1 μm Struers Dia - Duo diamond solution followed by OPS.  
The grain size of the materials was determined manually. For this a grid with ten horizontal and 
vertical lines was sketched across the microstructure using Adobe Fireworks CS6. The number 
of grain boundaries was counted along the lines and divided by the real length of the line across 
the image which was determined using the scale bar. 
The aspect ratio of the grains was obtained in a similar manner. The grain length (rolling 
direction) and width (normal direction) was measured on grains along the horizontal lines of the 
grid. The length and width were calculated by counting the image pixels lying in within the width 
and length of the grain. The scale bar relates to the real size of one image pixel allowing the 
measurement of the real size of the grain based on the pixel number. 
 
3.5.2 Tensile test 
The tensile tests were performed in a 30 kN Instron machine at an initial strain rate of 10-3 1/s. 
A non-contact extensometer was used to measure the deformation over a gauge section of 20 
mm x 5 mm length and width respectively. Three tests were performed for each sample 
direction to evaluate the average graph. For any single tensile test result reported in this work 
three tests were performed. Uniform elongation (UE), total elongation (TE), post uniform 
elongation (PUE) as well as yield stress (YS) and ultimate tensile strength (UTS) were measured 
from the averaged data as shown in Figure 3-2. 
Chapter 3 40 
 
Figure 3-2 Engineering stress/ strain curve showing measured stress and elongation values. 
 
In most cases, the specimens were cut transverse to the rolling direction since this is also the 
direction of bending in roll forming. In only one case samples are compared in longitudinal as 
well as transverse direction and this is indicated in the text. The sample dimensions are shown 
in Figure 3-3. 
 
 
L0 [mm] LC [mm] b [mm] r [mm] 
25 +/- 0.5 27 6 +/- 0.3 6  
Figure 3-3 Sample dimension for a rectangular shaped tensile specimen. 
  
Chapter 3 41 
3.5.3 Measurement of reduction in area 
A very important material characteristic in this work is the reduction in area (RA) of a tensile 
sample. The RA is the fraction of the final to the initial cross section of a tensile sample. The 
understanding and the effect of this value for the roll forming process is one of the key questions 
of this work. 
The RA is generally determined using (Equation 3-1). To measure the desired area on a tensile 
specimen, macroscopic images were taken using an optical macro scope equipped with a Leica 
DP70 digital camera. The sample images as shown in Figure 3-4 were saved as jpeg files and 
imported into Adobe Fireworks CS6. The computer software allows the accurate determination 
of the sample dimensions, and the measurements were taken as shown in the sketch below. 
The thickness (t’) and the width (w’) were measured at the fracture tip. The thickness (t) and 
width (w) of the un-necked gauge were measured at a distance of d = 7 mm from the start of 
the gauge length. 
 
 ൌ ሺ୵୶୲ሻିሺ୵Ą୶୲Ąሻሺ୵୶୲ሻ ͳͲͲ [%] (Equation 3-1) 
 
 
Figure 3-4 Measurement points for the determination of the reduction in area. 
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3.5.4 Pure bending test 
To investigate the material behaviour in bending and to analyse any type of inhomogeneous 
forming behaviour pure bend tests were performed.  
During a test, the metal strip is clamped with a gauge length of L = 50 mm between the bending 
arms (points C and D) as shown in Figure 3-5 b). In points A and B the bending arms are fitted 
into a standard 30 kN Instron. The bottom arm is fixed in B but free to rotate. The top arm is 
attached to the cross head of the frame and therefore can move up and down and rotate. When 
the cross head moves up, a pure bending moment is applied to the sample (Figure 3-5 a) and a 
clip-on gauge is used to measure the curvature. The force (F) and curvature measurements are 
used to calculate the moment/ curvature diagram and the procedure for this is described below. 
 
Figure 3-5 Bending device used for the pure bend test [70].  
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Calculation of the moment/ curvature diagram 
The evaluation of the applied bending moment uses the geometrical coherence pictured in 
Figure 3-6. 
 
Figure 3-6 Geometrical arrangement for the evaluation of the change in bend angle [70]. 
 
The change of the bend angle is given by:  
οߠ ൌ ͲǤͲʹͷܴ 
ͳͺͲ
ߨ  
0.025 = half gauge length [m] 
R = radius of curvature [m] 
(Equation 3-2) 
 
The clip on gauge measures the distance δ as shown in Figure 3-7 and the radius of curvature, ܴ 
is determined applying Equation 3-2.  
 
Figure 3-7 Geometrical context for the evaluation of the curvature measurement [70]. 
Chapter 3 44 
 ൌ 
ଶ ൅ Ɂଶ
ʹɁ ሾሿ c = 0.01415 [m] (Equation 3-3) 
 
The bending moment is calculated with: 
 ൌ 	ͲǤʹ͸ͷሺ͵ͷǤͺ ൅ οɅሻ ɎͳͺͲሾሿ 
F = load measured by 
load cell [N] 
(Equation 3-4) 
 
and the curvature of the bending specimen is given by:  
ɏ ൌ ͳ ሾ
ିଵሿ (Equation 3-5) 
 
As it is common for test samples to vary slightly in width the moment can be calculated as a 
standardised moment per unit width (for example 15 mm): 
 
ୱ୲ୟ୬ ൌ 

 ͲǤͲͳͷሾሿ 
ݓ = width of sample [m] 
0.015 = example for unit width of 
standardised sample [m] 
(Equation 3-6) 
 
For all moment curvature measurements using the clip-on gauge it is assumed that the 
curvature detected along the specimen remains constant during the test procedure. The 
equation holds for angles that lead to outer fibre strains that are less than 1.5 % for material 
that is 2 mm thick.  
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3.5.5 Minimum bending radius test 
To determine the minimum bending radius, small strips of 15 mm width, 40 mm length and 2 
mm thickness were bent over various die radii ranging from 1 to 15 mm. The strips were clamped 
as shown in Figure 3-8 and bent to an angle of 90⁰ using a swing folding device. 
 
Figure 3-8 Swing folding device for determination of the minimum bending radius. 
 
The sample edges were cleaned on a machining centre to ensure the comparability of the 
specimen dimensions. Three samples were tested for any radius and material. To judge the 
failure of a material, a simple approach is taken where the surface of the sample is examined 
visually under a Leica DP70 microscope. A material passes the test when no fracture or surface 
necking can be observed using a magnification of the surface under a Leica DP70 microscope. 
Initial analyses was also undertaken to compare microstructural images of fractured und not-
fractured surfaces with the images of the Leica microscope. This was used to build a criterion 
for visual judgment of fracture which is further described in Chapter 6 within section 6.3.3. Any 
defect or crack in the surface is therefore determined as failure.  
For the study outlined in Section 4.3 a more detailed approach was taken initially to determine 
the minimum bending radius. For this, samples were cold mounted in epoxy resin and polished 
with a Struers Dia - Duo diamond solution to 6 μm, 1 μm and finally to an OPS surface finish for 
optical microscopy. Pictures were taken using 5 x magnification with an Olympus DP70 digital 
microscope to study the development of thinning and fracture as a function of the bending 
radius. 
 
Chapter 3 46 
3.5.6 V-die bending test 
The V-die bend test setup shown in Figure 3-9 was mounted in a standard 30 kN Instron. Two 
different V-shapes can be bent: one with a profile radius of 5 mm and the other with a profile 
radius of 15 mm. No lubrication was applied and the cross-head speed was set to 0.1 mm/ s. In 
general, a total of 3 tests were performed for each material.  
For the initial setup of the V-die bend test, pre-tests were conducted to adjust the final punch 
stroke individually for each material to preclude coining at the end of the test. 
The specimens were oriented 90⁰ degrees (transverse) to the rolling direction which is similar 
to the orientation of the tensile test samples. It also makes sure that the test allows the direct 
comparison with the roll formed sections, where the profile is also bent transverse to the rolling 
direction. 
 
Test set up R [mm] Θ [°] d [mm] 
5 mm bending 5 50 0 
15 mm bending 15 50 14,17 
Figure 3-9 V-die bending device with 5 mm and 15 mm radius tooling [74]. 
 
3.6 Roll forming 
3.6.1 Industrial roll forming equipment 
All roll forming trials referred to in this work were performed on a conventional roll forming line. 
This roll former allows the use of up to 10 forming passes with materials of generally 2 mm 
thickness, 75 mm width and infinite length. To ensure sample alignment in the roll former a 
minimum strip length of ~800 mm was necessary due to the interstation distance of 305 mm. At 
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a shorter sample size a metal strip is no longer supported in a minimum of three forming stations 
which then leads to uncontrollable side movement and undesired forming issues. The roll gap 
was always adjusted to a 2 mm thick metal strip after each of the tool changes using feeler 
gauges to exclude coining of the material. 
For the presented roll forming trials, the process was always running in an unlubricated 
operation and both top and bottom rolls were driven. 
 
Figure 3-10 Industrial roll former at IFM with 10 forming stations. 
 
3.6.2 Tooling for roll forming 
For the roll forming trials, two different sequences with five and ten passes were applied to form 
the V-sections with 15 mm and 5 mm final radii. The two flower diagrams are given in Figure 
3-11 and Figure 3-12 respectively. 
 
Figure 3-11 Flower pattern of the roll forming sequence with 5 stations forming each an angle of 10⁰ and 
a final radius of 15 mm.  
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Figure 3-12 Flower pattern of the roll forming sequence with 10 stations forming each an angle of 5⁰ and 
a final radius of 5 mm.  
 
3.7 Shape characterisation with the AutoGrid compact system  
For some of the roll forming and bending trials a colour printed 2 mm square mesh was applied. 
Images taken of the formed parts using the hand held AutoGrid measure head allowed 
measuring the distance in between the grid lines. The AutoGrid evaluation software compares 
the grid pattern found on the part with the previously set initial reference distance and 
generated a 3D image [75]. This enables the evaluation of surface strains and allows highlighting 
strain concentrations.  
Figure 3-13 shows as an example a roll formed section of a cryo-rolled commercial purity 
aluminium blank with 15 mm final radius. The digitised image displays the strain values across 
the profile radius length. This data can be used in sections cut across the formed radius in 
between the coordinates. In the example this is shown below for the black line connecting the 
green and red dot points. Strain values can be exported into Microsoft Excel for further 
evaluation and the comparison between different parts and materials.  
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Figure 3-13 AutoGrid scan of a section roll formed to a profile radius of R15 and highlighting the 
procedure used to investigate the deviation of true major strain over the length of the formed radii. 
 
3.8 Strain rate sensitivity test 
To characterise the strain rate sensitivity ݉ of the studied ultra-fine grained materials, tensile 
tests were performed at three different low strain rates. In the existing tests, rate sensitivity co-
exists with the changes in the material’s strain hardening behaviour with increasing or 
decreasing speed of deformation. As previously mentioned in Section 2.6 very fine structured 
materials are likely to exhibit rate sensitivity due to grain refinement which could be very 
advantageous for the aimed application in automotive crash structures.  
The strain rate of a material is defined as: 
ߝሶ ൌ ሺሻܮ଴  
ݒሺݐሻǣcross head speed 
ܮ଴ǣdeformed length 
 
(Equation 3-7) 
 
In the case of a change in the strain rate for a tested metal andߝሶଵ < ߝሶʹ the stress strain 
relationship would look similar to the sketch shown in Figure 3-14.  
Chapter 3 50 
 
Figure 3-14 Stress/ strain diagram of a strain rate sensitive material at different strain rates 
when ߝሶଵ < ߝሶଶ. 
 
The strain rate sensitivity factor ݉ is defined as: 
mൌ ୪୬ሺఙభȀఙమሻ୪୬ሺఌሶ భȀఌሶ మሻ  (Equation 3-8) 
 
The strain rate tests were performed in the previously mentioned 30 kN Instron machine 
applying the tensile sample shapes described in Section 3.5.2. A non-contact extensometer with 
a gauge length of 20 mm was used and initial strain rates of 10-1 1/s; 10-3 1/s; 10-4 1/s were 
tested. Three tests were performed for each material and strain rate. 
The strain rate sensitivity was calculated using (Equation 3-7) and (Equation 3-8) where the 
ultimate tensile strength (UTS) is σ1 and σ2 from the tensile test at the associated strain rate. 
(The definition of UTS is given also in Figure 3-2 in Section 3.5.2).  
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3.9 High strain rate behaviour  
To investigate the material behaviour at high strain rates large samples with the dimensions 
shown in Figure 3-16 were prepared and tested on an Instron high rate tensile tester. The 
samples were clamped into the jaws connected to the load cell which is fixed to the upper cross 
head as shown in Figure 3-15.  
 
Figure 3-15 High rate Instron tester at the Swinburne University of Technology.  
 
To start a test, a sample must be inserted into the grips at the load cell at the upper cross head 
and fastened. Afterwards the four high tensile bolts must be tightened with 1500 Nm using a 
torque wrench to apply large elastic tensile strain into the four high tensile bolts.  
The high tensile bolts are used to apply high compressive forces onto the “knock out” blocks 
which assist as space holders. In between the knock out blocks the grips cannot clamp the 
specimen yet and the sample keeps moving freely at this stage (tolerance of approximate 0.1 
mm in between sample surface and grips on each side). 
When the measurement begins, the actuator accelerates to its defined strain rate. The grips on 
the actuator can slide past the sample until the “knock out” blocks hit the “high tensile knock 
out tubes”. The “knock out” blocks remain on top of the “high tensile knock out tubes” and the 
previous applied elastic tensile strain applied to the high tensile bolts releases. Thus the grips on 
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the actuator are closed due to the release of stored elastic tensile strain in the high tensile bolts 
and immediately clamp the sample at the defined strain rate. Now, as the specimen is clamped 
in both sides of the tester (grips of actuator and grips of load cell), the actuator continues to 
slide downwards and applies large tensile stresses onto the sample until rupture occurs. This 
happens within a few milliseconds due to the high strain rates in between 50 1/s to 100 1/s. 
During the test, the time, displacement of the cross head as well as the reaction forces at the 
load cell are measured. Tensile stress and engineering strain are calculated from that data.  
 
Figure 3-16 Sketch of the specimen dimensions used for the high rate tensile tests. 
 
Table 3-2 Specimen dimension used in the high rate tensile tests. 
LALL 
[mm
] 
L0 
[mm
] 
LC 
[mm
] 
L1 
[mm
] 
L2 
[mm
] 
b 
[mm
] 
r 
[mm
] 
t 
[mm
] 
550 100 116 100 334 13 8 +/- 0.25 
2 +/- 
0.3 
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3.10 Summary 
The above chapter gives a brief introduction into the aluminium alloys used in this work and into 
the techniques performed to characterise the materials and to investigate their formability. 
The cryo-rolling procedure applied for the large scale production of ultra-fine grained test 
material is explained. Standard characterisation techniques (tensile test including the 
measurement of strain rate, metallography and chemical analyses) are shown as well as several 
bending methods. These can be used to investigate the general forming behaviour in bending 
and do allow a direct comparison of the material properties with roll forming.  
The measurement of the reduction in area (RA) on a tensile specimen is introduced and the 
experimental setup applied for the roll forming trials is explained including the tooling and 
forming sequences that were used.  
The AutoGrid measurement system is briefly introduced which permits measurements of 
forming strains on the roll formed sections as well as digitising 3D parts to compare shape and 
surface strains.  
Finally the high rate tensile test is introduced which allows investigation of the deformation 
behaviour of the designed materials at significantly increased strain rates >= 100 1/s to analyse 
the general deformation behaviour and to add information to a potential correlation of strain 
rate to post uniform elongation.  
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Chapter 4 
 
4 Roll-formability of cryo-rolled ultrafine aluminium sheet 
4.1 Introduction 
This first experimental study addresses the initial research questions of: “What is the roll-
formability of ultra-fine structured metals and what are the limitations depending on the 
bending method”. 
To answer these two questions, commercial purity aluminium was rolled under cryogenic 
temperatures (CR) as described in Section 3.2 and at room temperature (RTR). The 
microstructure is determined, the material properties are analysed by tensile testing and the 
reduction in area (RA) is measured. The smallest bending radius is evaluated using the swing 
folding device shown in Section 3.5.5 and the formability is investigated in pure bending and in 
bending in a V-die for two different profile radii. 
Roll forming trials are performed and the final radii are compared with the V-die bending test. 
The AutoGrid system is used to digitise the formed parts and to analyse the difference in surface 
strain development in roll forming and V-die bending.  
Conclusions in regard to the enhanced mechanical material behaviour after cryo-rolling in 
comparison to room temperature rolling are made and the advantages of the roll forming 
technique in being able to form sections from ultra-fine structured metals is shown. 
 
4.2 Material preparation 
As previously described in Section 3.2, commercial purity aluminium (99.8 %) in the form of a 
cast billet was hot rolled at 500 ⁰C to a thickness of 10 mm and allowed to cool in air. Sections 
were cut from the plate and reduced by around 80 % in thickness using cryo-rolling and room 
temperature rolling. 
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Both rolling processes produced aluminium strip with an approximate length of 800 mm. The 
strips were trimmed to a width of 75 mm in the rolling direction using a guillotine to provide a 
straight and clean cut edge that fitted the roll former.  
Bone shaped specimens for tension tests were prepared as shown in Section 3.5.2 in the 
transverse and rolling directions. Samples for the pure and the V-die bend tests were pre-cut 
transverse to the rolling direction using a band saw followed by fine machining of the edges. 
 
4.3 Results and discussion  
4.3.1 Microstructure 
Microstructural images from samples of the cryo-rolled (CR), room temperature rolled (RTR) and 
as received (AR) purity aluminium were prepared as described in Section 3.5.1. Images were 
taken using a scanning electron microscope with an EBSD detector (AR) and an AsB detector of 
the CR and RTR material.  
The determination of the initial grain size in the as hot rolled (AR) material gave an average grain 
size of about 100 μm (Figure 4-1).  
After CR and RTR the microstructure shows elongated grains (especially for the RTR material) 
and is significantly refined (CR~700 nm, RTR~800 nm) compared to the AR material due to the 
heavy plastic deformation introduced during rolling. The CR material shows a smaller sub-grain 
size compared to the microstructure after RTR and a slightly smaller grain size in general. For 
both materials some sub-grains are as small as 200 - 300 nm.  
The grain aspect ratio changes significantly with the plastic deformation and rises from 0.8 (AR) 
to 6.6 (RTR). The ratio for the CR material is determined to be 2.1 and reflects therefore the 
generally smaller grain size and finer sub-grain microstructure. 
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Figure 4-1 Microstructure of “as received” high purity aluminium (EBSD). 
 
 
Figure 4-2 Microstructure of room temperature rolled aluminium. Rolling direction (RD), normal 
direction (ND). 
 
 
Figure 4-3 Microstructure of cryo-rolled aluminium. Rolling direction (RD), normal direction (ND). 
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4.3.2 Tensile test  
Figure 4-4 shows the engineering stress strain curves of the as received (AR), cryo-rolled (CR) 
and room temperature rolled (RTR) conditions. Samples were tested 90⁰ to the rolling direction 
of the strip on an Instron tensile machine as described in Section 3.5.2. To allow the 
determination of the total elongation on an equal basis for the presented materials, all curves 
are cut off at 10 MPa. 
When analysing the engineering stress/ strain diagrams it becomes obvious that the CR and the 
RTR material show the typical characteristics of severely deformed materials, which have been 
described previously by others [4, 6, 76]. The yield stress and the tensile strength of the 
materials are significantly increased. It can be seen that the CR condition reaches the highest 
material strength followed by a rapid drop in the stress level after exceeding the uniform 
elongation at approximately 0.5 %. In the following, the stress decreases continuously and 
reaches a total elongation close to 10 %.  
The RTR material shows a trend similar to the CR material but with a more gradual transition in 
between uniform and total elongation. The peak stress level observed for the RTR material is 30 
% lower than that observed for the CR condition, and this indicates that the cryogenic 
temperature has a significant effect on the material strength. 
 
Figure 4-4 Engineering stress/ strain curves determined for the CR, RTR and the AR conditions for 
samples tested transverse to the rolling direction. 
 
Figure 4-5 shows the engineering stress/ strain curves for the AR, the CR and the RTR conditions 
of samples tested in the rolling direction. It is obvious, that the peak stress level achieved for the 
Chapter 4 58 
CR material is significantly lower compared to that determined transverse in the rolling 
direction. 
This effect was previously observed by Malekjani et al. [76] and was related to the differences 
in texture and grain shape between both directions and the observed effect of shear banding in 
the CR material. The more apparent increase of the UTS for the CR material tested in transverse 
direction was therefore also related to the strong anisotropy of the grain structure and stronger 
bonding in between the slip systems. 
For the RTR and the AR material very similar peak stress levels can be observed for samples 
tested in both (longitudinal and transverse) directions.  
In the rolling direction of the material the stress strain curves for both the RTR and the CR 
conditions show a more gradual transition. There is no outstanding peak and a higher uniform 
elongation can be measured for the cryo-rolled (CR = 1 %) and room temperature rolled (RTR = 
2 %) materials as shown in Figure 4-5 in comparison to the determined values of uniform 
elongation in transverse direction (CR = 0.5 %; RTR = 1 %) in Figure 4-4. 
 
The total elongation achieved for the RTR material in the rolling direction is higher compared to 
that observed for the CR samples tested in the same direction. 
 
Figure 4-5 Engineering stress/ strain curves determined for the CR, RTR and the AR conditions for 
samples tested longitudinal to the rolling direction. 
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4.3.3 Measurement of reduction in area 
As previously described in Section 3.5.3 the reduction in area (RA) was determined for both the 
RTR and the CR conditions only for the transverse direction. This is because the transverse 
direction (described in Section 3.5.2) is the direction of bending/ deformation in roll forming and 
the understanding of the material properties in this direction of the material is of great interest.  
Analysing the values of the measurements, a RA of 74 % for the CR material is shown and for the 
RTR samples 68 %, respectively. These high values of RA suggest that the deformation in the 
necking area reaches large strains before failure for both materials. 
 
4.3.4 Minimum bending radius  
To evaluate the smallest bendable radius of the cryo-rolled and the room temperature rolled 
material the formability of small samples was tested on a swing folding device as explained in 
Section 3.5.5. The samples were bent over radii from R = 1 mm to R = 15 mm, mounted in epoxy 
resin and polished similar to the metallographic preparation for the SEM. The bendability of the 
material was then visually judged using microscope images taken on a Leica DP 70 at 5x 
magnification.  
Figure 4-6 and Figure 4-7 show a cryo-rolled (CR) and a room temperature rolled (RTR) sample 
which are bent to the smallest possible radius of 1 mm, respectively. It can be observed that 
localised necking occurs for both materials in the circled area on the outer sample surface which 
is under tensile deformation during bending. The localised necking is much greater for the CR 
material in comparison to the RTR and it is considered as failure of the material for both cases.  
 
Figure 4-6 CR material bent to a 1 mm radius. 
 
Figure 4-7 RTR material bent to 1 mm radius. 
Figure 4-8 shows the microscope images of CR samples tested for bending radii ranging from  
R = 2 mm to R = 7 mm. The images suggest that localised necking gradually decreases with 
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increasing bend radius. Samples which are bent to radii of R1 – R5 still show a rough and uneven 
outer surface. From a bend radius of 6 mm and above it can be said that no localised necking is 
visible and this suggests that for the CR condition a radius of 6 mm represents the minimum 
formable bending radius. Very similar results were obtained for the RTR material as shown in 
Figure 4-9. 
 
 
Figure 4-8 Outer surface of bending radius R2 
- R7 (CR). 
 
Figure 4-9 Outer surface of bending radius R1 
- R7 (RTR). 
 
The direct comparison of Figure 4-8 and Figure 4-9 indicates that the RTR material shows less 
surface roughness in general and has a lower tendency for localised necking compared to the 
CR material. There is no local necking above a radius of 4 mm and a minimum bend radius of 5 
mm can be identified based on the figures. 
 
4.3.5 Pure bending test  
To further investigate the forming behaviour of the material, a pure bend test was used to study 
any potential inconsistent yielding and strain hardening behaviour. The bend test is described in 
Section 3.5.4 and is a very powerful material characterisation for metals used in roll forming. It 
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has shown to be able to determine additional material properties (e.g. kinking behaviour of aged 
steel and residual stress profiles) which are not obtained in a standard tensile test [63, 65, 66, 
74]. 
 
The moment/ curvature diagram in Figure 4-10 shows that both the cryo-rolled (CR) and room 
temperature rolled (RTR) material bend with very similar moment-curvature characteristics, 
even if the stress/ strain curves in Figure 4-4 and Figure 4-5 are very different.  
 
Figure 4-10 Moment/ curvature diagram of CR and RTR material in pure bending showing similar 
homogeneous bending behaviour and no kinking. 
 
This was unexpected, especially for the CR sample since the material has very little uniform 
elongation and kinking of the material was anticipated due to the significant loss in material 
strength just shortly after the peak stress.  
A similar stress/ strain characteristic has previously been observed in steels where the yield 
phenomena of an upper yield stress is followed by a drop in strength. It is postulated that the 
material starts yielding in the outer fibre at a higher yield stress which is then followed by a drop 
of the bending stress. This material characteristic generally leads to a kink in the material (similar 
to the one shown in Figure 4-11) and an inhomogeneous moment curvature characteristic. The 
effect of kinking was previously investigated by Hemmerich et al. [53] and found by Ding and 
Duncan [77] in their studies on pre-strained and aged mild steel. 
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The absence of kinking for the cryo-rolled aluminium therefore shows homogeneous bending 
behaviour and shape defects in roll forming are unlikely to occur due to inconsistent bending 
behaviour as seen with mild steel. 
 
Figure 4-11 Instability in bending of aged steel. 
 
4.3.6 V-die bending  
An additional formability test used for this investigation is the V-die bending test, where the 
material is pushed into the die using a punch. The final shape is identical with the V-profile 
produced in the roll forming process and therefore is potentially a comparison in regard to the 
roll formability of those novel materials. The V-die bending process with the two different final 
radii of R = 5 mm and R = 15 mm is described in more detail in Section 3.5.6.  
 
Figure 4-12 shows that in V-die bending both the cryo-rolled (CR) and the room temperature 
rolled (RTR) material show a tendency for localised deformation. Kinking is observed for the 
large profile radius of 15 mm, (Figure 4-12 a), while only minor kinking was observed for the 5 
mm profile radius (Figure 4-12 b). To highlight the effect of kinking and localised deformation, 
the real punch radii (R = 15 mm and R = 5 mm) are superimposed into the figures to show the 
ideal shape of the profile after forming.  
It is clear that the tendency for kinking was less for the RTR material compared to the CR samples 
shown in Figure 4-12 a). While the CR material shows two distinct kinks in the centre and on 
both sides of the profile radius the RTR material only has one major kink in the centre.  
Chapter 4 63 
In general, the very low work hardening behaviour observed for both materials means that 
highly strained areas do not increase in strength compared to the surrounding areas. The drop 
in strength after reaching the peak stress is more significant for the CR material in the transverse 
direction, as shown in Figure 4-4. As mentioned previously, the transverse direction is also the 
direction of bending and therefore the tendency for a localisation of deformation is more in the 
CR samples.  
  
Figure 4-12 Final shapes after V-die bending of the CR and the RTR aluminium with a) 15 mm and b) 5 
mm radius. The lines superimpose the die radius of the punch. 
 
As mentioned previously in regard to the results presented in Figure 4-10, the observed kinking 
could be as a result of the low uniform elongation with the drop in strength shortly after yielding. 
However, the geometric constraint of the specimen in the V-die could have an influence on this 
effect as well. In pure bending the sample is clamped on both ends, whereas in V-die bending 
the sample is pushed into the die leading to contact points similar to three point bending. This 
leads to kinking in the V-die bending tests but gives a constant curvature in the pure bending. 
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4.3.7 Roll forming 
Following the previous discussion on the material characterisation of the cryo-rolled and room 
temperature rolled aluminium, longitudinal 800 mm long sections with a strip thickness of 2 mm 
were roll formed having a 15 mm and 5 mm final radius. Figure 4-13 shows that no obvious 
forming problems or shape defects as described in Section 4.3.6 were observed for both the CR 
and the RTR material.  
 
Figure 4-13 Roll formed sections. From left to right: CR R15; RTR R15; CR R5; RTR R5 
 
To allow the comparison of the long sections with the V-die bend samples, cross sections were 
cut from the roll formed parts and close up pictures are shown in Figure 4-14.  
Similar to the results in V-die bending the ideal punch radius is superimposed onto Figure 4-14.  
It can be seen that in contrast to the bent samples, the roll formed sections have a very smooth 
bending curvature with no obvious tendency for localised deformation or kinking.  
  
Figure 4-14 Final shapes of roll formed section cut with CR and RTR aluminium with a) 15 mm and b) 5 
mm final radius. 
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However, for a final and detailed comparison, microscope images were taken of the roll formed 
profile radii and are shown in Figure 4-15. The images were produced in a similar way to the 
previously shown figures using embedded and polished samples under a Leica DP70 optical 
microscope at 5 x magnification. 
The images show that localised deformation exists on the outer surface for a profile radius of 5 
mm for both the CR and the RTR material. This suggests that the minimum roll formable profile 
radius is larger than 5 mm for both materials and indicates less material formability in roll 
forming compared to bending. This is in contrast to previous studies that suggest lower 
minimum radii in roll forming due to a better distribution of strains compared to bending [8]. 
The R15 mm sections do not show any surface defects for both the RTR and the CR condition. 
 
Figure 4-15 CR and RTR materials after roll forming to 15 mm and 5 mm radius sections. 
 
4.3.8 Strain measurements using the AutoGrid system  
To complement and to support the outcome of the mechanical formability study, the material 
behaviour was further investigated by measuring the forming strains on the material surface 
using the AutoGrid system. The idea was to analyse the developing surface strains at the 
maximum curvature during pure bending as well as to examine strains and final shape in V-die 
bending and roll forming. The benefit is a better understanding of the forming behaviour in each 
of these tests and forming methods as well as to obtain a good comparison between the 
developing peak strains. 
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All three bending tests are therefore analysed with section cuts of the final profile radius. The 
AutoGrid system and the procedure for preparing a section cut for the strain analysis was 
explained in Section 3.7.  
 
Pure bending. Figure 4-16 shows the strain measurements of cryo-rolled (CR) and room 
temperature rolled (RTR) materials in the pure bend test. The section cut for the strain analysis 
has been taken along the length of the bent sample.  
It can be seen that the surface strains develop homogeneously across the length of the formed 
radius for both materials. This was expected and relates back to the similar bending behaviour 
of both materials shown in Figure 4-10.  
The small scatter in the values of true major strain can possibly be attributed to the generally 
very low plastic strains of both materials which result in a minor measurement error within the 
AutoGrid system. 
 
Figure 4-16 AutoGrid surface strain measurements across the length of the radius for CR and RTR 
material in pure bending. 
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V-die bending. Similar to the strain analysis shown in the pure bend test section cuts were 
performed on the V-die bent samples. Measurements were taken on the 15 mm radius V-die 
sample scans (Figure 4-19) along the middle line of the cryo rolled (CR) and room temperature 
rolled (RTR) materials. 
Figure 4-17 strain distributions show the true major strain across the surface of the 15 mm radius 
for both specimens. Three locations of localised strain can be observed for the CR material while 
the RTR material only shows one major strain localisation in the centre of the profile radius. The 
level of strain localisation is much higher for the CR material and this corresponds with the 
higher level of kinking observed in Figure 4-12 for the CR material compared to the RTR in the 
V-die bending tests.  
 
Figure 4-17 AutoGrid surface strain measurements across the length of the bending radius for the CR 
and the RTR materials in V-bending with 5 mm and 15 mm radius. 
 
Roll forming. The AutoGrid surface strain measurements of the roll formed parts were taken 
across the 15 mm formed radius, as shown in Figure 3-13 of Section 3.7. The section cuts of the 
cryo-rolled (CR) and room temperature rolled (RTR) materials are shown in Figure 4-19 and 
measurements were taken along the mid-line, similar to the samples in pure bending and V-die 
bending. 
Figure 4-18 reveals a small variation of strain across the surface of the roll formed profile radius 
of 15 mm for both materials. However, there is no indication of strain localisation as was 
observed in the V-die bending tests.  
This suggests that in roll forming low work hardening is less likely to result in forming problems 
such as material kinking compared to simple bending.  
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Figure 4-18 AutoGrid surface strain measurements across the length of the radius for CR and RTR 
material in roll forming for a 15 mm final radius. 
 
Comparison of the digitised parts from V-die bending and roll forming. A direct comparison 
between V-sections formed by roll forming and V-die bending is given for both materials in 
Figure 4-19. The AutoGrid images show the strain distribution across the sample surface of the 
cryo-rolled and room temperature rolled materials after forming.  
The images have been used to perform the section cuts and strain measurements and clearly 
show the strain localisation for the CR and the RTR material after V-die bending. This is obviously 
in contrast to a more homogeneous strain distribution across the surfaces of the roll formed 
samples.  
 
Figure 4-19 True major strain superimposed over the sample shape after forming a profile radius of 15 
mm by V-die bending and roll forming.  
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4.4 Conclusions 
To come to a conclusion on the results from this formability study, the initial question has to be 
reconsidered: “What is the roll-formability of ultra-fine structured metals and what are the 
limitations depending on the bending method”? 
To answer this question, it was shown, that ultrafine-grained commercial purity aluminium can 
be produced using cryo-rolling (CR) and room temperature rolling (RTR). The microstructure of 
the produced material is ultra-fine grained and a standardised tensile test allows direct 
comparison of the material properties.  
This comparison of the CR material with the RTR sheet shows that for the same level of 
deformation introduced during rolling, the CR material reaches a tensile strength that is 30 % 
higher compared to the RTR material. This effect, however, was measured for samples tested 
transverse to the rolling direction. In contrast to this result, samples tested parallel to the rolling 
direction they show only a minor difference in material strength between the RTR and the CR 
conditions. 
It was also found in the tensile test, that both the CR and RTR rolled aluminium have very low 
uniform elongation. Nevertheless the post uniform elongation was found to be quite large and 
this relates back to a high reduction in the necking area during tensile deformation. This was 
investigated while measuring the reduction in area of the tensile specimens and leads to the 
conclusion that there are large fracture strains in the necked area of the sample. 
To further study the formability of the designed materials and to obtain data in regard to a 
variation of forming methods, a minimum bending radius test, a pure bend test, a V-die bend 
test and roll forming trials were investigated. 
The results show that a minimum bending radius of 6 mm and 5 mm can be achieved in bending 
without fracture for the CR and the RTR condition respectively. For the large forming curvatures 
that were tested in pure bending both materials did deform in a very homogeneous manner and 
no defects were observed. 
In contrast in V-die bending, when formed to small radii, both the CR and the RTR showed 
inhomogeneous deformation over the forming radius leading to the occurrence of kinking. This 
is assumed to be due to the low work hardening behaviour, which was observed for both 
material grades in the tensile tests. 
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In the roll forming trials a minimum profile radius larger than 5 mm was identified for both 
materials. This was unexpected since it suggests a lower formability in the roll forming process 
compared to simple bending. No kinking was observed for any material and forming sequence 
and it is concluded that this is due to the homogeneous distribution of strain in the forming 
region.  
Overall it can be concluded that cryo-rolled and room temperature rolled materials both show 
very low uniform elongation. The strain hardening ability in tension is very limited, although the 
total elongation seems to be quite high. This is due to a very good post uniform elongation of 
the materials which correlates with a very high measure of reduction in area in the tensile test 
specimen.  
Further, the formability study shows that the materials seem to kink during V-die bending. 
Nevertheless ultra-fine grain aluminium can be successfully roll formed into simple longitudinal 
sections having profile radii of 15 mm and potentially lower. 
 
To further investigate the formability of fine structured aluminium alloys in roll forming 
commercial 2024 aluminium is cryo-rolled. The aim is to determine the formability of a different 
aluminium alloy which has the potential to achieve much higher strength levels similar to higher 
strength steels. 
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5 Roll formability of high strength 2024 aluminium 
5.1 Introduction 
The work in the previous chapter explored the possibility of using cryo-rolling to enhance the 
material properties in regard to the material strength of pure aluminium. It was shown, that the 
material gains higher yield and tensile strengths in comparison to the base material, although it 
suffers a significant loss in uniform elongation (UE).  
The detailed formability study showed that it is possible to roll form simple longitudinal V-
sections with final radii close to 6 mm despite the very poor UE of this material. 
This suggests that it could be possible to cryo-roll other aluminium alloys and achieve similar or 
higher improvements in material strength; those could then be formed into structural 
automotive sections by roll forming.  
The strength increase of various cryo-rolled aluminium alloys has previously been shown by 
several authors [18, 19, 23, 25, 72]. However, the direct application of the material to a larger 
scale sheet metal forming process has not been performed yet. 
An aluminium 2024 alloy was therefore cryo-rolled and artificially aged or heat treated as 
similarly performed in previous studies to vary strength and formability [19, 72, 78, 79].  
 
5.2 Experimental results for cryo-rolled/ aged and cryo-rolled/ annealed al 2024 
5.2.1 Material production  
The detailed cryo-rolling rolling procedure for the 2024 aluminium alloy is explained in Section 
3.2. Following this cryo-rolling schedule the sheet was then artificially aged at 100 ⁰C for the 
times given in Table 5-1 for alloys A to E to alter strength as well as uniform and total elongation. 
For the recovery annealed material F to H a slightly altered manufacturing schedule to that 
outlined in Section 3.2 was used. Here the material was initially hot rolled at 500 ⁰C to a thickness 
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of 5 mm prior to the 12 hour solution treatment. The alloy was then water quenched and cryo-
rolled to a thickness of 2 mm (reduction only 60 %) followed by a recovery anneal at 275 ⁰C.   
The lower reduction (previously 80 %) during the cryo-rolling allows a reduced degree of work 
hardening and thus different susceptibility to heat treatment of the materials microstructure. 
The effects of subsequent heat treatments on the microstructure were initially discussed in 
Section 2.5.3 and allow altering the material properties in order to further design materials with 
different values of elongation and material strength. 
 
Table 5-1 Alloy 2024 conditions with aging and annealing times. 
Alloy Condition 
A no artificially aging 
B 0.1 hours of aging at 100 ⁰C 
C 8 hours of aging at 100 ⁰C 
D 30 hours of aging at 100 ⁰C 
E 100 hours of aging at 100 ⁰C 
F 6 minutes annealing at 275 ⁰C 
G 12 minutes annealing at 275 ⁰C 
H 18 minutes annealing at 275 ⁰C 
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5.2.2 Material properties  
Tensile samples were prepared as described in Section 3.5.2 and the chemical composition is 
given in Table 3-1. 
The tensile test results shown for the cryo-rolled (A) and aged alloys (B to E) in Figure 5-1 reveal 
that the cryo-rolling process has led to a significant increase in material strength while the 
ductility of the alloys is drastically reduced in comparison to the recovery annealed base 
material. Similar observations were made in previous studies [6, 19, 27]. 
While ageing between 0.1 and 30 hours leads to enhanced UE paired with a slight reduction in 
material strength, ageing times beyond 100 hours results in material softening and a reduction 
in elongation (Figure 5-1). The combination of cryo-rolling and 0.1 or 8 hours aging shows the 
highest amount of ductility with UE of around 7.1 %. 
 
Figure 5-1 Engineering stress/ strain curves determined for the cryo-rolled and artificially aged 
aluminium 2024. 
 
Figure 5-2 reveals the tensile material properties of the cryo-rolled and annealed material. 
Overall it can be seen that the annealed materials have very similar uniform and total 
elongation. The major difference in between the properties is the decreasing tensile strength 
with increasing annealing times. UE is low for all alloys and at approximately at 4 %. The fully 
recovery annealed material is also shown as a benchmark to showcase the general increase in 
strength and decrease in ductility of the cryo-rolled and aged/ or annealed alloys.  
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Figure 5-2 Engineering stress/ strain curves determined for the cryo-rolled and annealed aluminium 
2024. 
 
In addition to the above tensile curves of Figure 5-1 and Figure 5-2 the Table 5-2 shows the 
averaged tensile parameters of all cryo-rolled and heat treated 2024 alloys. Parameters are 
tested as outlined in Section 3.5.2 with measurements of UE, UTS and TE taken as shown in 
Figure 3-2.  
 
Table 5-2 Material parameters of cryo-rolled and artificially aged aluminium 2024. 
Alloy Material treatment 
Uniform 
Elongation (UE) 
Ultimate Tensile 
Strength (UTS) [MPa] 
Total 
Elongation (TE) 
A Cryo-rolled 0.04 653 0.05 
B 0.1 hrs at 100 ⁰C 0.07 670 0.08 
C 8 hrs at 100 ⁰C 0.07 647 0.08 
D 30 hrs at 100 ⁰C 0.06 650 0.08 
E 100 hrs at 100 ⁰C 0.02 567 0.03 
F 6 min at 275 ⁰C 0.04 537 0.06 
G 12 min at 275 ⁰C 0.04 457 0.05 
H 18 min at 275 ⁰C 0.04 430 0.05 
- Fully recovery anneal 0.19 369 0.26 
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5.2.3 Roll forming trials and first conclusion 
Roll forming trials were performed using 5 forming stations with a final radius of 15 mm. The roll 
forming sequence is identical to that previously applied in Chapter 4; it is described in detail in 
Section 3.6.2 and shown in Figure 3-11.  
Figure 5-3 shows the roll formed sections of alloys A to E. It can be seen that none of the 
produced materials were roll formable to the final radius of R15 mm. All sections do split at 
individual forming stations during the roll forming trials.  
Fracture of the sample was well noticeable due to loud and not foreseeable material failure. The 
process was immediately stopped to manually extract the V-section from the tooling.  
The smallest roll formable radii were observed within alloys B and C shown in Figure 5-3 b) and 
c) which both allowed roll forming to a final radius of 19 mm before splitting occurred in the 
subsequent forming station.  
 
a) Alloy A 
split in station 2 at R39 mm 
final radius R79 mm 
 
b) Alloy B 
split in station 5 at R15 mm  
final radius R19 mm 
 
c) Alloy C 
split in station 5 at R15 mm  
final radius R19 mm 
 
d) Alloy D 
split in station 3 at R25.67 mm  
final radius R39 
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e) Alloy E 
split in station 4 at R19 mm  
final radius R25.67 mm 
Figure 5-3 Samples of cryo-rolled and artificially aged aluminium 2024 after roll forming trails in 5 
stations with a final radius of R15 mm (forming sequence shown in Figure 3-11). 
 
The roll formability of the recovery annealed alloys remains low Figure 5-4 and similar to that of 
the aged alloys. Alloy G caught after splitting in the subsequent forming station which is why it 
appears to be bent. This does not affect the result given that fracture had already occurred. The 
smallest radius of R19 mm can be roll formed with alloy H which has a UE of 4 % and a TE of 5 
%. Alloys F and G only reach a final radius of R25.67 mm even though their uniform and total 
elongations are the same or higher compared to alloy H. The only other difference between the 
three alloys is that alloy F has a higher material strength (UTS as shown in Table 5-2) compared 
to alloys G and H. 
 
Alloy F 
split in station 4 at R19 mm  
final radius R25.67 mm 
 
Alloy G 
split in station 4 at R19 mm 
final radius R25.67 mm 
 
Alloy H 
split in station 5 at R15 mm  
final radius R19 mm 
Figure 5-4 Samples of cryo-rolled and recover annealed aluminium 2024 after roll forming trails in 5 
stations with a final radius of R15 mm (forming sequence shown in Figure 3-11). 
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As a general and first observation, the roll formability found for the 2024 aluminium is 
significantly lower in comparison to the pure aluminium investigated in Chapter 4, where the 
cryo-rolled condition which, in a tensile test, showed a UE lower than 1 % was formable to a 
small radius of 6 mm. The smallest profile radius formable with the cryo-rolled 2024 aluminium 
is R19 mm for alloys C and D despite the larger UE of 7 % observed for those materials (Table 
5-2). 
Another observation is that the cryo-rolled sheet (alloy A) with a UE close to 4 % (Table 5-2) only 
allows the forming of a profile radius of R79 mm while alloy D which shows a UE of around 2 % 
was roll formable to a 3 times smaller radius of R25.67 mm. This suggests that roll formability 
may not be directly linked to UE.  
To further explore this result an additional recovery annealing treatment was applied to further 
vary material strength, UE and TE of the cryo-rolled 2024 aluminium.  
Even though the UE of alloy H is only 4 % it can be formed to a similar minimum profile radius, 
R19, as the aged alloys B and C even though those alloys show almost double the UE (Table 5-2). 
In additional, the profile radii roll formable with alloys F and G are the same, R25.67 mm, as that 
achievable with alloy E even though alloys F and G show double the amount of UE. 
 
5.3 Selected and final roll forming trials 
With the above described methodology and in agreement with previous work [19, 72] it was 
found that cryo-rolling combined with artificially aging can significantly alter UE and TE as well 
as material strength of a fully recovery annealed 2024 base alloy.  
Further material development shows, a subsequent recovery annealing at higher temperatures 
after cryo-rolling seems to only affect the material strength. It does not lead to a significant 
change in uniform or total elongation.  
Overall, the roll formability off all materials is limited even though UE of up to 7 % can be 
achieved with aging at 100 ⁰C for 0.1 and 8 hours (alloys B and C).  
As a verification of the outcome of the roll forming trials in Section 5.2, Figure 5-5 shows two 
complete longitudinal V-sections of the alloy B (0.1 hours aged aluminium 2024). The aluminium 
sheet was formed to a final radius of R19 mm using the same bending sequence as previously 
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explained and shown in Figure 3-11. In this case, however, the forming sequence was reduced 
to only four stations and no fracture was observed.  
 
Figure 5-5 Roll formed V-sections of cryo-rolled and artificially aged aluminium 2024 (alloy B) at final 
radius of R19 mm.  
 
This suggests that it is possible to utilise the roll forming process to shape simple V sections from 
cryo-rolled high strength aluminium alloys having ultimate strength levels of 670 MPa combined 
with UE below 7 %. However, it also proves that the measurement of uniform elongation alone 
may not be a sufficient to measure roll formability of cryo-rolled and high strength aluminium 
sheet and this is further discussed in the following Chapter 6. 
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5.4 Conclusion and outlook 
In the previous Chapter 4 it was shown that:  
x Cryo-rolled purity aluminium with less than 1 % uniform elongation (UE) can be roll formed 
to radii as small as R6 mm.  
 
In contrast to that the results of the current Chapter suggest that: 
x Cryo-rolled aluminium 2024 with up to 7 % UE shows less roll formability compared to the 
cryo-rolled purity aluminium only allowing the forming of a final radius of R19 mm; this is 
with the same roll forming sequence as applied in Section 4. 
x In general roll formability (the lowest profile radius formable) does not seem to directly 
depend on the level of UE.  
Further investigations are required to answer the previously raised research question in regard to 
the critical material parameters that link the simple material parameters (i.e. from a tensile test) 
to roll formability. 
 
The major difference between the cryo-rolled pure aluminium investigated in Chapter 4 and the 
2024 alloys of this Chapter is the high post uniform elongation (PUE) combined with a high 
reduction in area (RA) in the neck of the tensile samples (~74 %). This is in strong contrast to the 
results obtained from the cryo-rolled aluminium 2024 alloys which only shows very small values of 
PUE (Figure 5-1 and Figure 5-2) and very limited RA in between 8 % (alloy A) and 14 % (alloy B) (all 
alloys and values for UTS, UE, TE and RA shown in Table 6-1 of Section 6.3.1).  
This could suggest that the level of RA may give an indication for the overall sheet formability in the 
roll forming process. This idea was previously discussed in the literature with the consideration of 
the commonly roll formed G550. This recovery annealed steel is roll formed into complex sections 
despite its very limited UE and a TE of only 2 % [69]. In tensile tests that material however shows 
high RA which is close to 70 % [80]. The present work, however is directed at cryo-rolled aluminium 
which exhibits different stress strain behaviour following yielding and has not been previously 
investigated in roll forming. 
A large amount of RA could therefore potentially enhance the roll formability and this hypothesis 
will be further investigated in the following chapter.   
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6 Reduction in area as a measure of roll formability 
6.1 Introduction 
In the previous work of chapter 4 it was found that cryo-rolling of a commercial purity aluminium 
leads to material with high strength and too low elongation to be formed with conventional 
processes such as cold stamping; nevertheless roll forming could be used to manufacture simple 
sections with small bend radii (R6 mm for ݐ = 2 mm thick material). 
A second trial of cryo-rolling an aluminium 2024 alloy combined with artificial ageing and or 
annealing led to a range of materials with high strength, up to ~670 MPa, and higher values of 
uniform elongation (UE 4 - 7 %) compared to the commercial purity aluminium where UE was 
limited to 1 %. The roll forming trials however of these high strength alloys, resulted in lower 
formability and larger minimum profile radii (R19 mm/ ݐ= 2 mm) that were roll formable despite 
the larger UE. 
The above results and previous investigations on the roll formability of the commonly roll 
formed and recovery annealed steel G550 (ultimate tensile strength (UTS) ~550 MPa, total 
elongation (TE) ~ 2 %) suggest that there may be another material parameter despite uniform 
elongation (UE) which may better represent metal formability in a roll forming process. 
As mentioned in the literature review, previous investigations performed on recovery annealed 
high strength steel (G550) have shown that this has a very low post-uniform elongation (PUE) 
but high reduction in area (RA) of approximately 70 % at the fracture tip in a standard tensile 
test [69, 81-83]. Similarly, for the cryo-rolled commercial purity aluminium the RA was also 
found to be high, at around 74 %.  
The relation between RA and minimum bend radius has been established for many years as 
outlined in [41]. What has not been established is whether a similar hypothesis can be 
established for cryo-rolled material in the roll forming process, i.e., if a cryo-rolled fine grain 
material shows high RA at the fracture tip and a low elongation in a tensile test, does the 
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measurement of RA give a reasonable indication of the formability of such a material in a roll 
forming process. 
Figure 6-1 shows the visualisation of the effect. RA is plotted versus UE for the cryo-rolled and 
room temperature rolled purity aluminium and the cryo-rolled 2024 alloys.  
A clear separation exists between the materials that show high RA (high roll formability) 
compared to those alloys with low RA (very limited roll formability). 
 
Figure 6-1 Reduction in area as a function of uniform elongation for severely deformed high purity and 
2024 aluminium.  
 
Figure 6-1 clearly shows the effect of the RA on the formability of aluminium in the roll forming 
process while the magnitude of UE does not seem to give a good measure for roll formability. 
In this chapter the effect of RA on roll formability is therefore studied. A new approach is 
presented to investigate the second main research question of this work:  
“What are the critical material parameters that link mechanical properties (i.e. from a tensile 
test) to roll formability of low ductility, high strength cryo-rolled metals?” 
Several aluminium alloys were investigated and by applying various cryo-rolling and heat 
treatment conditions (Table 6-1), alloys with similar amounts of UE but different RA were 
produced. The major focus was on producing materials with low levels of UE (< 10 %) since roll 
formability of materials with UE higher than 10 % can be assumed to be mostly dominated by 
their tensile elongation. 
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Five additional aluminium alloys were investigated. Four were casted at the institute’s own 
foundry (Section 3.1.2) and had increasing amounts of magnesium in 99.8 % purity aluminium 
(0.4 % (alloy 1); 0.8 % (alloy 2); 1.2 % (alloy 3) and 5 % Mg (alloy 4)). Additionally, commercially 
available aluminium 5083 was tested (alloy 5). Cryo-rolling of 5083 promises a significant 
increase in strength of the material [84]. If this alloy is found to be roll formable, fine-structured 
5083 could find an application in the automotive industry due to the combination of high 
strength and light weight at relatively low cost. 
 
6.2 Material preparation  
Alloys 1 - 4 were hot rolled to a thickness of 5 mm, solution treated for 12 hours at 500 ⁰C, water 
quenched and then cryo-rolled as described in Section 3.2. The aluminium 5083 was hot rolled 
at 500 ⁰C from its initial thickness of 6.4 mm to 5 mm, solution treated for 12 hours at 500 ⁰C, 
water quenched and then cryo-rolled.  
Recovery annealing at 275 ⁰C was conducted for all alloys at various times between 2 and 38.3 
minutes to produce a wide range of material properties with changes in UE and RA. Previous 
work by Taylor at al. [6] has shown that these times and temperatures are sufficient to 
significantly alter the properties of the chosen alloys. 
Tensile samples were prepared as described in Section 3.5.2 and tested in the transverse 
direction. To allow an equal comparison of total elongation, all curves are cut off at 10 MPa. The 
average of three engineering stress/ strain curves was determined and used to calculate uniform 
elongation (UE), ultimate tensile strength (UTS), total elongation (TE) and post uniform 
elongation (PUE) as described in Section 3.5.2. The average amount of RA was also measured on 
all samples, as explained in Section 3.5.3. 
 
6.3 Experimental results and discussion 
6.3.1 Tensile tests 
Figures 6.2 – 6.7 show the engineering stress strain curves of the various aluminium alloys.  
As previously reported in [85], the material strength increases with Mg content. Thereby the 
cryo-rolled aluminium 5083 (alloy 5) reaches the highest ultimate tensile strength of 447 MPa.  
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UE increases with recovery annealing time for all materials, while the UTS decreases. Apart from 
these general observations, the important outcome of the tensile tests is the measure of RA on 
the tensile specimen as well as the measurement of uniform and total elongation as well as the 
materials UTS and those values are summarised in Table 6-1. 
 
Table 6-1 Material tensile properties and treatments for tested alloys. 
Material/ treatment Uniform 
elongation 
(UE) 
Ultimate tensile 
strength (UTS) 
[MPa] 
Total 
elongation (TE) 
Reduction 
in area 
(RA) [%] 
Pure aluminium     
Cryo-rolled 0,005 149,5 0,05 66,0 
2 min at 275 °C 0,009 122,7 0,06 62,4 
8 min at 275 °C 0,008 120,7 0,10 68,7 
15 min at 275 °C 0,008 117,1 0,13 66,2 
26.6 min at 275 °C 0,010 115,9 0,13 63,5 
38.3 min at 275 °C 0,011 112,9 0,11 64,9 
Alloy 2 
   
 
Cryo-rolled 0,005 227,2 0,014 36,8 
2 min at 275 °C 0,024 179,1 0,096 49,1 
8 min at 275 °C 0,024 171,8 0,115 50,6 
15 min at 275 °C 0,027 170,5 0,129 44,8 
26.6 min at 275 °C 0,026 151,1 0,092 51,3 
38.3 min at 275 °C 0,023 162,5 0,073 56,1 
Recovery annealed 0,207 99,4 0,283 71,9 
Alloy 3 
   
 
Cryo-rolled 0,007 266,9 0,044 35,7 
2 min at 275 °C 0,030 204,8 0,062 44,9 
8 min at 275 °C 0,026 194,4 0,050 49,7 
15 min at 275 °C 0,036 196,0 0,100 59,0 
26.6 min at 275 °C 0,041 177,4 0,100 66,8 
38.3 min at 275 °C 0,040 187,8 0,111 59,4 
Recovery annealed 0,182 129,3 0,311 62,7 
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Alloy 4 
   
 
Cryo-rolled 0,005 264,1 0,020 15,6 
2 min at 275 °C 0,032 216,8 0,092 32,5 
8 min at 275 °C 0,043 208,5 0,146 35,6 
15 min at 275 °C 0,029 201,3 0,095 33,3 
26.7 min at 275 °C 0,038 199,3 0,085 33,3 
38.3 min at 275 °C 0,043 198,7 0,101 49,9 
Recovery annealed 0,192 150,5 0,322 52,2 
Alloy 5 
   
 
Cryo-rolled 0,020 437,0 0,031 14,3 
2 min at 275 °C 0,161 322,9 0,212 26,3 
8 min at 275 °C 0,188 315,5 0,229 19,5 
15 min at 275 °C 0,194 315,2 0,230 23,7 
26.6 min at 275 °C 0,209 314,1 0,286 28,1 
38.3 min at 275 °C 0,223 310,2 0,259 26,7 
Recovery annealed 0,2 269,3 0,285 32,4 
Alloy 5083 
   
 
Cryo-rolled 0,046 447,1 0,048 18,8 
6 min at 275 °C 0,116 330,6 0,189 31,9 
12 min at 275 °C 0,119 332,6 0,177 27,9 
18 min at 275 °C 0,129 332,2 0,190 28,4 
60 min at 275 °C 0,169 310,3 0,245 28,0 
Recovery annealed 0,2 269,3 0,285 32,4 
 
Figure 6-2 presents the engineering stress/ strain curves of the cryo-rolled and annealed high 
purity aluminium. The cryo-rolled material shows the distinct peak tensile stress, previously 
observed, followed by a high PUE. A short recovery annealing of 2 minutes at 275 ⁰C leads to a 
significant loss in material strength. The material strength further decreases with increasing 
annealing time, while the PUE increases.  
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Figure 6-2 Engineering stress/ strain curves determined for the cryo-rolled and annealed high purity 
aluminium. 
 
Comparing Figure 6-2 with the tensile results of alloy 1 in Figure 6-3 shows that the alloying with 
magnesium leads to an increased material strength for the cryo rolled and the annealed 
condition. In contrast to the high purity aluminium the cryo-rolled condition of alloy 1 shows a 
distinct peak tensile strength combined with very low PUE. Similar to the high purity aluminium 
the tensile strength decreases and PUE increases with increasing annealing time. The only 
exception is the annealing time of 26.7 min where a drop in PUE can be observed.  
 
Figure 6-3 Engineering stress/ strain curves determined for the cryo-rolled and annealed aluminium + 
0.4 % Mg content (alloy 1). 
 
Figure 6-4 and Figure 6-5 reveal a similar outcome to Figure 6-3 showing increased strength 
values for all conditions due to the higher Mg content. A larger range of uniform and post 
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uniform elongation is found in comparison to the purity aluminium and alloy 1. Also the irregular 
drop in strength with the decrease in ductility at 26.7 minutes annealing time is unexpected; 
usually longer annealing times for these kinds of alloys were assumed to lead to lower values in 
strength and to higher uniform and total elongation [17]. Even though this material behaviour 
is not yet explained, it shows that there is a specific annealing time at the relevant temperature 
which does affect the material properties in an irregular way. Nevertheless this material 
behaviour does not influence the ongoing work, since the treatments are only undertaken to 
alter the properties in regard to RA and elongation values. 
 
Figure 6-4 Engineering stress/ strain curves determined for the cryo-rolled and annealed aluminium + 
0.8 % Mg content (alloy 2).  
 
Figure 6-5 shows for alloy 3 (1.2 % Mg) all the previously seen material characteristics at a very 
similar strength level to those for 0.8 % magnesium content (alloy 2). As with earlier results, the 
condition of 26.7 minutes annealing time reveals lower uniform and post uniform elongation in 
comparison with the longer annealed specimen.  
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Figure 6-5 Engineering stress/ strain curves determined for the cryo-rolled and annealed aluminium + 
1.2 % Mg content (alloy 3). 
 
Figure 6-6 shows the tensile curves for alloy 4 and reveals a significant increase in strength 
through cryo-rolling with very low uniform and nearly no post uniform elongation. The 
subsequent annealing leads to a significant drop in ultimate tensile strength. Although this drop 
in strength is higher at longer annealing times the recovery rate at 2 minutes is the highest for 
all conditions. Further annealing only reveals small changes to strength and elongation. 
 
Figure 6-6 Engineering stress/ strain curves determined for the cryo-rolled and annealed aluminium + 5 
% Mg content (alloy 4). 
 
Figure 6-7 shows the graphs for the cryo-rolled and annealed 5083 aluminium. This commercial 
aluminium alloy, with approximately 5 % magnesium, is also annealed. It shows a similar 
maximum peak stress level as alloy 4 (Figure 6-6). In contrast to alloy 4, however, the level of 
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uniform and post uniform elongation, after cryo rolling, is significantly higher. No property 
variation exists within annealing times of 6 to 18 minutes. Only the recovery annealing times 
above 60 minutes lead to a drop in material strength while material hardening remains 
unchanged.  
 
Figure 6-7 Engineering stress/ strain curves determined for the cryo-rolled and annealed 5083 
aluminium. 
 
6.3.2 Reduction in area vs. uniform elongation 
Figure 6-8 compares all measurements of UE and RA made for the alloys presented in the current 
chapter with those observed for the commercial purity and the 2024 aluminium in chapters 4 
and 5, respectively. 
It can be seen that a wide range of material property combinations is achieved using the 
different alloy compositions and cryo-rolling and recovery annealing schedules. The majority of 
the materials reveal UE levels of less than 5 % while there is a wide range of values for RA.  
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Figure 6-8 RA vs. UE for all alloys with combinations of cryo rolling and annealing treatments. 
 
To investigate the roll formability of all alloys, a smaller selection of materials was chosen. This 
choice of materials excludes alloys with a UE above 0.1 and selects those materials with a similar 
range of UE but with variable RA.  
Figure 6-9 shows the selected alloys grouped into four different ranges (A to D) based on their 
UE as shown below.  
Group Range of uniform elongation (UE) 
A 0.005 – 0.007 
B 0.019 – 0.032 
C 0.036 – 0.046 
D 0.062 – 0.071 
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Figure 6-9 Reduction in area/ uniform elongation of selected materials for the analysis of roll 
formability.  
 
All of the materials and relevant properties are listed in Table 6-2. They are divided into groups 
(A to D) based on their range of UE. The listing in each group is set in relation to an increasing 
value of RA. 
 
Table 6-2 Material selection for roll formability study (listings with increasing amount of RA). 
Material/ treatment 
Uniform 
elongation 
(UE) 
Ultimate tensile 
strength (UTS) 
[MPa] 
Total 
elongation 
(TE) 
Reduction in 
area (RA) [%] 
Material selection group A 
Alloy 3 - CR 0.005 264 0.020 15.58 
Alloy 2 - CR 0.007 267 0.044 35.70 
Alloy 1 - CR 0.005 227 0.014 36.77 
Pure-Al - CR 0.006 137 0.096 74.00 
Material selection group B 
2024 CR 
+ 100 hrs at 100 ⁰C 0.023 567 0.030 8.02 
Alloy 4 - CR 0.020 437 0.031 14.34 
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Alloy 3 CR 
+ 2 min at 275 ⁰C 0.032 217 0.092 32.50 
Alloy 3 - CR 
+ 15 min at 275 ⁰C 0.029 201 0.095 33.31 
Alloy 1 - CR 
+ 15 min at 275 ⁰C 0.027 171 0.129 44.80 
Alloy 2 - CR 
+ 2 min at 275 ⁰C 0.030 205 0.062 44.90 
Alloy 1 - CR 
+ 2 min at 275 ⁰C 0.024 179 0.096 49.10 
Alloy 2 - CR 
+ 8 min at 275 ⁰C 0.026 194 0.050 49.70 
Material selection group C 
2024 - CR 0.040 653 0.053 9.61 
2024 - CR 
+ 18 min at 275 ⁰C 0.038 430 0.052 13.90 
5083 - CR 0.019 447 0.048 18.80 
Alloy 3 - CR  
+ 26.7 min at 275 ⁰C  0.038 199 0.085 33.30 
Alloy 3 - CR 
+ 8 min at 275 ⁰C 0.043 209 0.146 35.61 
Alloy 3 - CR 
+ 38.3 min at 275 ⁰C  0.043 199 0.101 49.90 
Alloy 2 – CR 
+ 15 min at 275 ⁰C 0.036 196 0.100 59.00 
Alloy 2 - CR 
+ 38.3 min at 275 ⁰C 0.040 188 0.111 59.40 
Alloy 2 - CR 
+ 26.6 min at 275 ⁰C 0.041 177 0.100 66.80 
Material selection group D 
2024 - CR 
+ 8 hrs at 100 ⁰C  0.071 647 0.079 9.62 
2024 – CR 
+ 0.1 hrs at 100 ⁰C  0.066 669 0.081 11.14 
2024 - CR 
+ 30 hrs at 100 ⁰C 0.062 650 0.078 11.77 
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6.3.3 Roll forming trials 
Roll forming trails were performed using 10 stations of the “constant arc length” forming 
sequence described in Section 3.6.2. During this roll forming operation the radius continuously 
decreases at each station until the final radius of R5 mm of the V-profile is achieved. The 
available 10 stations forming sequence allows the incremental forming of the materials in small 
steps in order to determine the fracture radius of the alloys as described below. 
At the beginning of each forming trial, the material strip had an approximate length of 800 mm. 
When passing an individual forming station a small sample of 2 cm length (as shown below in 
Figure 6-10) was cut out of the V-section. For this the roll forming process was stopped and a 
hand saw used for cut off. 
Figure 6-10 shows an example of the extracted specimens of the roll formed cryo-rolled 
aluminium 5083. It can be seen that samples were only taken after the material had passed 
station three. The forming radii of the first two forming stations were large and material failure 
unlikely.  
 
Figure 6-10 Cut off samples of cryo-rolled and roll formed high strength 5083 aluminium. 
 
Each of the individual materials shown in Table 6-2 was roll formed and samples were selected 
as shown in Figure 6-10.  
The roll forming trials, therefore, result in numerous samples which are documented and 
discussed in the following. Similar to the work of others the judgement on the formability of a 
sample is based on the visual observation of the sample surface as shown in Figure 6-11 [8, 86]. 
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Figure 6-11 Cryo-rolled 5083 at R5 mm as example of an observed area in form of a macroscopic image 
of a roll formed sample. 
 
Macroscopic images of the formed radius of each sample were taken, as shown in Figure 6-11. 
The images allow a detailed observation of each individual radius roll formed. 
Figure 6-12 shows the macroscopic images of the roll formed samples, as explained in Figure 
6-10. The images display the surface in the area of the formed radius for the cryo-rolled 5083 
aluminium. The images reveal a very smooth surface for the first 5 radii that were formed. At a 
radius of R6.46 mm a first very small fracture appears (marked with a black arrow). The smallest 
formable radius is therefore determined with R7.51 mm. 
  
Observed sample surface area 
with a macroscopic image  
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Station 3 - R16.2 mm Station 4 - R13.77 mm Station 5 - R10.85 mm Station 6 - R8.9 mm 
    
Station 7 - R7.51 mm Station 8 - R6.46 mm Station 9 - R5.85 mm Station 10 - R5 mm 
    
Figure 6-12 Macroscopic images of cryo-rolled and roll formed aluminium 5083 (alloy 5).  
 
The determination of the smallest formable radius of all other materials was performed in the 
similar way. All images are visually studied for small cracks on the sample surface and the 
smallest formable radius is determined. 
To avoid an excessive number of images, only the surface images are presented here which were 
used to determine the final radius and crack initiation of each of the roll formed samples. 
Figure 6-14 shows the final and failure radii of the roll forming trials of the alloys of group A, 
excluding the samples for the cryo-rolled commercial purity aluminium. The minimum radius for 
this material was initially discussed in the formability study in chapter 4 and a final formable 
radius of 6 mm was found.  
This initial study had used mounted specimens allowing a side view of a section cut off the 
sample to be analysed. To allow a larger area of observation it was decided here to judge the 
formability based on the imaging of the surface as shown in Figure 6-12. To prove the 
comparability of the procedures for failure analysis, both methods were applied and compared 
in regard to failure.  
Figure 6-13 a) shows the side view of the cryo-rolled and roll formed 5083 aluminium (alloy 5) 
at the determined smallest forming radius of R 7.51 mm. It can be seen that a smooth surface 
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exists and that no cracks appear. This is in accordance with the results obtained through the 
pure surface observation. 
Figure 6-13 b) also reveals the scenario found for surface imaging and shows that a very small 
surface fracture/ neck does appear at this tighter forming radius of R6.46 mm.  
Due to the comparability of both methods and significant larger area for observation as well as 
much easier handling of samples, all other specimen were judged based on their surface as 
shown in Figure 6-11.  
  
a) b) 
Figure 6-13 Cryo-rolled and roll formed aluminium 5083 at a) radius of R 7.51 mm and b) R 6.46. 
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Material selection group A 
a) Alloy 3 
cryo-rolled 
b) Alloy 2 
cryo-rolled  
c) Alloy 1 
cryo-rolled 
final at R8.9 mm 
 
final at R7.51 mm 
 
final at R7.51 mm 
 
fracture at R7.51 mm 
 
fracture at R6.46 mm 
 
fracture at R6.46 mm 
 
Figure 6-14 Macroscopic images of roll formed samples at minimum and fracture radius. Group A.  
 
The final radii for the materials of group A were also determined by evaluating the surface 
images shown in Figure 6-14. The images of every sample were observed for small necks (Figure 
6-14 a) or cracks (Figure 6-14 b and c) to determine failure.  
 
Figure 6-15 shows the surface images of the formability trials of selected materials in group B 
excluding the roll forming trials of the aluminium 2024 which were shown in Chapter 5. 
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Figure 6-15 Macroscopic images of roll formed samples at minimum and fracture radius. Group B. 
  
Material selection group B 
a) Alloy 4  
cryo-rolled 
final at R10.85 mm 
b) Alloy 3 
CR + 2 min at 275 ⁰C 
final at R13.77 mm 
c) Alloy 3 
CR + 15 min at 275 ⁰C 
final at R6.46 mm 
d) Alloy 1 
CR + 15 min at 275 ⁰C 
final at R5.85 mm 
    
fracture at R8.9 mm 
 
fracture at R10.85 mm 
 
fracture at R5.85 mm 
 
fracture at R5 mm 
 
e) Alloy 2 
CR + 2 min at 275 ⁰C 
final at R6.46mm 
f) Alloy 1 
CR + 2 min at 275 ⁰C 
final at R5 mm 
g) Alloy 2 
CR + 8 min at 275 ⁰C 
final at 6.46 mm 
 
   
 
fracture at R5.85 mm 
 
no fracture 
 
fracture at R5 mm 
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Similar to group A, both the surfaces of the final and failure radii are shown. The area of failure 
where a surface fracture appears is also marked with a small black arrow. Some of the small 
necks and or cracks are more obvious than others. It appears that it is quite difficult to judge 
between necking of the surface and the development of very thin cracks since they are often 
both present in most samples.  
Figure 6-16 shows the surface images used for the determination of the final and the failure radii 
for the materials of group C. Similar to the previous results in Figure 6-14 and Figure 6-15 the 
final roll formable radii are determined based on the observation of surface cracks. In the case 
for the materials of group C it is easier to determine failure as there is an obvious change from 
diffuse necking and small crack development (images a, c, g) towards very obvious brittle failure 
with very large cracks on the surface of the samples (images b, d, e, f).  
 
Group D of this analysis includes the cryo-rolled and artificially aged 2024 alloys previously 
discussed in chapter 5. For all materials shown in Figure 5-3 the determination of the final radius 
was clear, given that most alloys directly split without necking or developing small cracks. The 
last forming sequence that the material can withstand therefore relates to the final roll formable 
radius.  
For those alloys, the final formable radii were found to be R19 mm for 0.1 hours and 30 hours 
aged and R25.67 mm for 100 hours aged material, respectively.  
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Material selection group C 
a) 5083 
Cryo-rolled 
final at R7.51 mm 
b) Alloy 4 
CR + 26.7 min at 275 ⁰C 
final at R10.85 mm 
c) Alloy 3 
CR + 8 min at 275 ⁰C 
final at R7.51 mm 
d) Alloy 4 
CR + 38.3 min at 275 ⁰C 
final at 13.77 mm 
    
fracture at R6.46 mm 
 
fracture at R8.9 mm 
 
fracture at R6.46 mm 
 
fracture at R10.85 mm 
 
e) Alloy 2 
CR + 15 min at 275 ⁰C  
final at R10.85 mm 
f) Alloy 2 
CR + 38.3 min at 275 ⁰C 
final at R6.46 mm 
g) Alloy 2 
CR + 26.6 min at 275 ⁰C 
final at 7.51 mm 
 
   
 
fracture at R8.9 mm 
 
fracture at R5.85 mm 
 
fracture at R6.46 mm 
 
 
Figure 6-16 Macroscopic images of roll formed samples at minimum and fracture radius. Group C. 
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Figure 6-17 shows the values of RA plotted vs. the measurement of UE for all tested materials in 
roll forming. The numbers reflect the smallest roll formable radius of the alloy with the given 
combination of RA and UE.  
.  
Figure 6-17 Reduction in area/ uniform elongation of selected materials including minimum roll 
formable radius. 
 
For the alloys in group A with low UE between 0.05 - 0.07 the largest minimum formable radius 
was found to be R8.9 mm with an alloy having a RA of ~16 %. The lowest minimum formable 
radius determined was R6.4 mm with a RA of 74 %.  
A similar trend is shown for the materials studied in group B within the range of UE 0.019 - 0.032. 
The larger minimum roll formable radii are found for materials showing very low amounts of RA 
(>10 %) whereas lower minimum radii can be roll formed at levels of RA that are 18 % or higher.  
Group C with values of UE in the range of 0.036 – 0.046 repeats the trend of group C. Large radii 
between R49 mm and R16.2 mm are found within a RA of less than 14 % whereas smaller 
minimum radii can be formed when the RA is above 30 %. The smallest radii of R6.46 mm is 
formed within a RA of around 60 %.  
Group D with parameters also shown in Figure 6-2 consist of the results from the previously 
shown formability study in Section 5.2.3. Here it was found that only radii of R19 to R39 mm 
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could be formed for materials with significant larger amounts of UE (> 6 %) but with very low 
values of RA (< 12 %).  
 
Despite all the described general observations, some strong deviations are found within the 
values of the minimum radii that are roll formable. This scatter can potentially be associated 
with surface defects on the strip from the materials manufacturing process. Apart from the 5083 
and 2024 alloys, all alloys were hot rolled from relatively thick aluminium billets down to 5 mm 
thick strip and then processed using cryo–rolling. Both processes, especially the hot rolling 
process may have led to some surface contamination due to adhesion of dust and building of 
oxide layers to the hot billets. It was also unavoidable during hot rolling, that small dirt particles 
stuck to the billets during the heat treatments in the furnace which may have been rolled into 
the surface. Additionally, the cryo-rolling process also led to a frozen and sticky strip surface 
where particles can easily accumulate. 
Contamination of this kind was avoided as much as possible by careful handling and placing of 
sample material in the furnace as well as regular cleaning of the rolls but surface damage could 
not be fully excluded from the processing, especially not during hot rolling. A higher surface 
roughness could therefore lead to earlier failure of the tested specimen and this may explain to 
some extent the scatter in the results observed.  
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6.4 General discussion of roll forming results  
During roll forming, sheet metal is incrementally bent within several roll stands to achieve the 
desired longitudinal and three dimensional shape. Common failure in relation to fracture during 
the bending process is usually limited to high-strength and low elongation materials [35]. 
Generally UE is the measure for formability within the forming process, however in roll forming, 
sheet is incrementally bent into shape within a geometric constraint which allows essentially 
bending without tension [52]. 
A very simple but good estimation of the bending strain at a given forming radius is (Equation 
6-1. 
ߝ ൌ ݐʹܴ 
ε = outer fibre strain; 
R =radius;  
t = material thickness 
(Equation 6-1) 
The smallest formable radius for a material can therefore be described with (Equation 6-2.  
ߝ௠௔௫Ǥ ൌ
ݐ
ʹܴ௠௜௡Ǥ (Equation 6-2) 
 
Figure 6-18 therefore shows the values of the calculated outer surface strain at fracture plotted 
against UE. The surface strains were calculated using (Equation 6-2 and values of RA are taken 
from the results shown in Figure 6-17 (data found in Table 6-2). The values are largely scattered 
across the graph and a correlation in between the data points cannot be clearly judged.  
 
Figure 6-18 Outer surface strain at fracture/ uniform elongation of all materials. 
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As there is no clear trend visible within the general approach shown in Figure 6-18, Figure 6-19 
therefore compares the values of the outer surface strain at fracture with the values of RA for 
all of the discussed materials at their smallest formable radius.  
Although the data points are also scattered across the plot there seems to be a clearer trend in 
between the data. Similarly to Figure 6-18 the black line shown in the figure is a logarithmic 
correlation, but it can clearly be seen that there is a better trend within the values of maximum 
outer surface strain towards an increase of RA.  
Figure 6-19 therefore suggests a benefit towards high RA for roll forming of smaller radii as the 
larger strain values only occur at smaller bends.  
Generally said, the observations made within the plots of Figures 6-18 and 6-19 suggest that RA 
may be a better measure for the roll formability other than the general measure of UE.  
 
Figure 6-19 Outer surface strain at fracture/ reduction in area of all tested materials. 
 
Another observation that has been made during this investigation is that failure of the roll 
formed materials appears to be of three different kinds. Groups A and B mark the transition 
from samples which had mainly necked areas and small surface fracture. Within groups B to C 
there seems to be a transition from small fracture to larger cracks on the surface. Whereas group 
D only shows samples with full brittle fracture.  
Generally in bending, failure is observed either due to the complete failure when a crack appears 
on the surface or due to very small necks. Generally when a crack appears, the material has 
reached some kind of fracture limit [35, 41]. When the material starts to form a neck at the 
bending radius it can normally be said that the outer surface has reached some kind of instability 
which may relate to the strain hardening capability [44].  
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For the investigated ultra-fine grained materials with a small magnesium content, the obvious 
full fracture occurred only within groups C and D of the tested materials with UE in between 3.6 
to 7.1 %. In Groups A and B with values of UE below 3.2 % only necking and very small fracture 
was present. As the measurement of RA is significantly larger for the materials in group A and B 
in comparison to group C and D this finding also supports the statement that UE may not be the 
applicable measure for estimating forming limits in the roll forming process. This in turn 
supports that RA may be a better measure for the roll formability other than the general 
measure of UE.  
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6.5 Conclusion 
Overall, and even despite small deviations the results demonstrate a clear trend. A higher 
reduction in area (RA) leads to improved formability in roll forming in the cryo-rolled materials 
examined. Within this context the measurement of uniform elongation (UE) fails to predict the 
correct formability of the cryo–rolled alloys within the tested roll forming process and is a critical 
outcome of this work since normally the measurement of TE or UE is commonly used to judge 
the formability of a material for the roll forming process. 
This general trend is observed for all four tested material groups. High values of RA lead to small 
minimum forming radii that can be roll formed while at RA values below 15 % very low forming 
limits are observed.  
It is found that the cryo-rolled aluminium 5083 with a RA value of close to 19 % can be roll 
formed to longitudinal sections with a minimum radius of R7.51 mm as is shown in Figure 6-20. 
Full longitudinal sections were manufactured which, given that material strength is around 450 
MPa, showcases strong potential for automotive applications. 
 
Figure 6-20 Roll formed section of cryo-rolled 5083 aluminium with final radii of R7.51 mm. 
 
The existing deviations within the data points for materials at similar RA but with different 
minimum forming radii are unfortunate. This is however, associated with the different 
manufacturing techniques of the materials and a change in surface quality of the manufactured 
alloys. The laboratory hot and cryo-rolling process often led to high surface roughness due to 
the absorption of dirt on the hot or icy surface. Those potential defects on the surface as well as 
inclusions rolled into the material can therefore lead to deviations within the general mechanical 
material failure of the samples. Despite this general scatter, reasonable trends were observed 
within all tested material groups.  
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In addition may be mentioned that for all metal forming processes, an increase in UE usually 
leads to increased formability. Although the argument is that UE fails to predict the overall 
formability, particularly at lower values of UE (<4 %), there is a good chance that for the larger 
values in UE (> 4 %) at equal amounts of RA, formability can be slightly increased. This would 
also explain some of the small deviations in between the formed radii due to the general 
increase in formability of an alloy at larger UE.  
Generally it is found that an approximate value of >18 % in RA significantly increases the roll 
formability of the tested materials in this study. 
In a schematic approach and only as an example for a randomly picked radius of a material 
tested in this study, a black line is sketched into the earlier Figure 6-17 connecting the values of 
R7.51 mm as shown here in Figure 6-21. It suggests the use of the values of RA and UE similarly 
to the measure of minor and major strain in a forming limit diagram used for sheet forming [35]. 
 
Figure 6-21 Suggested forming limit curve based on reduction in area values following the approach of 
Figure 6-17.  
 
Even though this approach is just to showcase the general idea within the findings of this work, 
it could potentially allow a simple judgement of the material’s formability through a standard 
tensile test just with the additional measurement of RA.  
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With the ongoing development of new advanced high strength steels and other alloys this 
approach could be a very advantageous technique for a cost effective and quick determination 
of materials suitable for the roll forming process. 
Further development and validation of this idea is therefore necessary, especially in comparison 
to other existing and newly developed materials. Informal reports of roll forming of high 
strength titanium also indicate that it is possible to form final radii of 7.51 mm at similar RA of 
around ~18 % and values of UE of around 8.6 % [60]. 
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Chapter 7 
 
7 Strain-and high rate behaviour of fine structured aluminium alloys 
7.1 Introduction 
The previous chapter 6 investigated the critical parameters which affect formability in roll 
forming for various cryo-rolled aluminium alloys. It was found that those fine structured 
materials which show a high reduction in area (RA) in a standard tensile test, have generally 
improved formability in roll forming. The research suggests that the smallest formable radius in 
roll forming not only depends on the uniform elongation (UE) of the material but that it largely 
depends on the RA shown in a uniaxial tensile test. 
The literature review on strain rate sensitivity in Section 2.6 has shown that most ultra-fine 
structured metals are highly strain rate sensitive, leading to suppression of “necking” and higher 
total elongation (TE) [17]. This phenomenon can lead to additional plastic material flow after 
the first point of instability and largely affect the post uniform elongation (PUE) measured under 
tension.  
One of the key ideas of this thesis was to analyse the high rate behaviour, as well as to showcase 
the formation of lightweight crash structures for automotive applications. It is therefore 
necessary to investigate the three key materials of this work for their strain rate sensitivity and 
under high strain rate conditions to analyse their material behaviour in regard to (PUE) 
elongation and potential crash behaviour.  
This last results chapter therefore addresses the third main research question of the thesis which 
is: “What is the high rate material behaviour of ultra-fine structured metals and how does this 
correlate with post-uniform elongation?” 
To answer this question in more detail the three key materials were chosen as outlined below:  
• Cryo-rolled commercial purity aluminium  
• Cryo-rolled 5083  
• Cryo-rolled 2024 + 0.1 hours of aging at 100 ⁰C  
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These materials are the most promising candidates for this study since they have shown the 
largest variations in formability. They generally provide different uniform and post uniform 
elongations as well as a significant change in (RA). It is therefore assumed at this point that the 
chosen materials will significantly vary within their material response to a change in strain rate 
and especially to post uniform elongation (PUE). 
The commercially pure aluminium shows the highest RA with 74 % and large (PUE) values of 8 - 
10 %. The cryo-rolled 5083 has intermediate values with 18 % RA and 0.3 - 3 % PUE. The lowest 
levels of RA and PUE were found for the cryo-rolled and artificially aged alloy 2024 with 11 % 
and 1 - 2 %, respectively. 
 
7.2 Materials and sample preparation 
The three different aluminium alloys were cryo-rolled as described in Section 3.2. The 
microstructure of all material grades was analysed using scanning electron microscopy applying 
the methods outlined in Section 3.5. The microstructure imaging mainly allows determining the 
grain size of the materials in order to recheck if the samples showed the typical ultra-fine 
structure. 
Small tensile samples were cut from the cryo-rolled sheets in the longitudinal and transverse 
directions with the dimensions shown in Figure 3-3. Three samples with a gauge length of 20 
mm and a width of 4.7 mm were tested for each material at three different initial strain rates of 
10-4; 10-3; and 10-1 1/s. The engineering stress/ strain properties are evaluated by averaging the 
curves over three tests. All curves were cut off at 10 MPa to determine total elongation (TE) on 
an equal basis between material grades and testing conditions. The strain rate sensitivity 
parameter ݉ was calculated as shown Section 3.8 in order to determine a potential correlation 
between strain rate and PUE. 
Additionally high rate test samples were produced by water jet cutting from each of the cryo-
rolled materials in the longitudinal direction as shown in Figure 3-16. The gauge length of the 
samples was 100 mm and initial strain rates of 50 and 100 1/s were tested in a high rate Instron 
as described in Section 3.9. An average of three samples was tested at each rate in order to 
determine the potential crash behaviour of the materials.  
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7.3 Experimental results and discussion of strain rate sensitivity  
7.3.1 Microstructure 
The microstructure of the pure aluminium in its cryo-rolled condition in comparison to the 
recovery annealed base material has previously been discussed in Figure 4-1 and Figure 4-3 of 
Section 4.3.1 
The microstructure of the cryo-rolled and recovery annealed 5083 is shown in Figure 7-1 and 
Figure 7-2, respectively. 
It can clearly be seen that the microstructure is significantly refined due to the cryo-rolling 
showing a very fine substructure with undefined grain boundaries at this small scale. The bright 
white dots are the reflections from precipitates which are agglomerated randomly and vary in 
size approximately between 100 nm and 2 μm.  
 
Figure 7-1 Microstructure of the cryo-rolled 5083 aluminium.  
 
The microstructure of the recovery annealed 5083 aluminium in Figure 7-2 shows a larger 
gran size between 10 μm and 100 μm. The precipitates (again bright white reflections) are 
also significantly larger in size and seem to be agglomerated along the rolling direction (RD). 
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Figure 7-2 Microstructure of the recovery annealed 5083 aluminium.  
 
Figure 7-3 shows the cryo-rolled and artificially aged 2024 aluminium. Similar to the cryo-rolled 
5083 its microstructure is refined and the grain size cannot be clearly evaluated due to the heavy 
substructure and very bright precipitates.  
The precipitates are orientated along the rolling direction of the material and vary in width and 
length. Some of the precipitates seem to be broken in half as a result of the heavy plastic 
deformation during cryo-rolling and indicated by the black gap between the two ends of the 
particles.  
 
Figure 7-3 Microstructure of the cryo-rolled and 0.1 hrs artificially aged 2024. 
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The recovery annealed 2024 in Figure 7-4 shows a very similar microstructure to the cryo-rolled 
material but has a larger substructure and particle size. Again the precipitates are oriented along 
the hot rolling direction, but change in size more drastically due to the grain growth at elevated 
temperatures. 
 
Figure 7-4 Microstructure of the 2024 recovery annealed at 500 ⁰C for 12 hours.  
 
Overall it is found that that for all three alloys, cryo-rolling leads to a significant refinement of 
the micro- and substructure in comparison to the recovery annealed counterpart.  
Precipitates are refined and agglomerated along the rolling direction. One exemption is seen in 
the cryo-rolled 5083 in Figure 7-1 where the precipitates seem to be more randomly dispersed 
and not orientated along the direction of the mechanical work.  
 
7.3.2 Strain rate sensitivity of cryo-rolled pure aluminium 
Figure 7-5 shows the engineering stress/ strain curves at different strain rates of the cryo-rolled 
commercial purity aluminium. The graphs for the transverse selected specimen are shown and 
it can clearly be seen that the material has a low strain rate sensitivity. A slightly higher material 
strength is shown with the increase in strain rate from 10-4 to 10-1 1/s and uniform- as well as 
post uniform elongation slightly increase as shown in Figure 7-7. 
All graphs have the distinct peak stress followed by a significant loss in strength shortly after 
yielding and are similar to the tensile curves previously shown for this material grade in Figure 
4-4. 
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Figure 7-5 Engineering stress/ strain curves determined for cryo-rolled purity aluminium for samples 
tested transverse to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s).  
 
Figure 7-6 shows the engineering stress/ strain curvatures for the cryo-rolled purity aluminium 
tested in the longitudinal direction. TE is generally larger for the lower strain rates in the 
longitudinal direction in comparison to the transverse test. All curves have a smoother slope 
without the outstanding peak at the maximum tensile stress as shown in Figure 7-5. Similar to 
the samples tested in the transverse direction the tensile strength increases with strain rate, but 
again the effect is small. 
 
Figure 7-6 Engineering stress/ strain curves determined for cryo-rolled purity aluminium for samples 
tested longitudinal to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s). 
 
The direct comparison of the values for UE, TE and PUE in Figure 7-7 summarises the tensile 
property changes depending on the strain rate. The diagram reveals an opposing trend of TE for 
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the samples tested in transverse (rising TE with strain rate) and longitudinal direction 
(descending and stagnating TE with strain rate) of testing. It can only be assumed that this effect 
is associated with the common effect of high anisotropy of the materials due to the heavy rolling 
[34]. This is however, not noticeable for the measure of UE. PUE is generally very high between 
(8 and 11 %) and seems to be only affected at low strain rates between 10-4 and 10-3 1/s showing 
a rising trend when tested in the transverse direction and a falling trend when observed in 
longitudinal direction. Overall the changes in the material properties as a function of strain rate 
are minor.  
 
Figure 7-7 Comparison of uniform elongation (UE); total elongation (TE) and post uniform elongation 
(PUE) with strain rate of cryo-rolled pure aluminium. Tensile test data for both directions of testing. 
 
7.3.3 Strain rate sensitivity of cryo-rolled 5083 aluminium 
Figure 7-8 shows the engineering stress/ strain diagram of the cryo-rolled 5083 aluminium in 
the transverse direction. The material has a minor negative strain rate sensitivity with material 
strength decreasing at higher strain rates. The uniform and total elongation is between 4.6 - 6.5 
% and 6.7 - 7.6 % respectively. 
At a strain rate of 10-3 1/s a serrated yielding behaviour is present which is attributed to the 
repetitive blocking and breaking free of dislocations of solute atmospheres; dynamic strain 
ageing. In this case the dislocation needs additional force to overcome an “obstacle” but is 
stopped in front of the following one until enough force is build up aging. This phenomenon 
generally occurs when the deformation speed applied to the material is similar to the drift 
velocity of the solute atmospheres in the material [87]. The effect of serrated yielding is absent 
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for the lower and higher strain rate due to the change in deformation speed. In this case the 
solute atmospheres cannot follow (10-1 1/s) or can stay with (10-4 1/s) the dislocations [87, 88]. 
 
Figure 7-8 Engineering Stress/ strain curves determined for cryo-rolled 5083 aluminium for samples 
tested transverse to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s). 
 
The material tested in the longitudinal direction (orientation of the grains) also shows a 
reduction in material strength at higher strain rates (Figure 7-9). There is only a small change in 
material strength between the longitudinal and the transverse direction while the UE and TE are 
varying depending on the grain orientation with lower values observed for the longitudinal 
direction. The values of TE in the transverse direction are generally lower in comparison to the 
samples tested in longitudinal direction. This can also be related to the high anisotropy of the 
material due to the rolling but is however opposite to the test outcome of the commercially 
pure aluminium.  
Similarly to the transverse direction a strain rate of 10-3 1/s leads to the observation of serrated 
yielding in the longitudinally tested samples [85, 87].  
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Figure 7-9 Engineering stress/ strain curves determined for cryo-rolled 5083 aluminium for samples 
tested longitudinal to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s). 
 
The values for UE, TE and PUE as a function of strain rate are given in Figure 7-10. UE decreases 
in general whereas TE decreases in the transverse tested samples while it increases overall in 
the longitudinal direction with a peak at 10-3 1/s. Values for PUE generally increase towards 
higher strain rates for both directions of testing. The transverse tested material however has a 
peak at 10-3 1/s.  
 
Figure 7-10 Comparison of uniform elongation (UE); total elongation (TE) and post uniform elongation 
(PUE) with strain rate of cryo-rolled 5083 aluminium. Tensile test data for both directions of testing. 
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7.3.4 Strain rate sensitivity of cryo-rolled 2024 aluminium 
Figure 7-11 shows the engineering stress/ strain diagram for cryo-rolled and artificially aged 
2024 aluminium as a function of the strain rate.  
The material tested transverse to the rolling direction shows very low strain rate sensitivity. Only 
the values of TE change slightly in between 7.5 and 9 %.  
 
Figure 7-11 Engineering stress/ strain curves determined for cryo-rolled 2024 aluminium for samples 
tested transverse to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s). 
 
A very similar material behaviour is observed in Figure 7-12 for the material tested in the 
longitudinal direction (grain orientation). Similar to the transverse direction (Figure 7-11) also in 
longitudinal direction there is only very minor strain rate sensitivity despite minor changes in TE. 
However, despite the general scatter within the tensile data this change is negligible.  
 
Figure 7-12 Engineering stress/ strain curves determined for cryo-rolled 2024 aluminium for samples 
tested longitudinal to the rolling direction at three different strain rates (10-4; 10-3; 10-1 1/s).  
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Only the comparison of the elongation values in Figure 7-13 can actually showcase the small 
changes in material parameters.  
It is found that overall the UE is slightly higher for the transverse tested material compared to 
the longitudinal direction but decreases with increasing strain rate. This is opposite to the 
longitudinal direction where UE does not change with strain rate. The trends for the values of 
TE at a strain rate of 10-1 1/s are opposite. The material tested in the transverse direction shows 
a decreasing value whereas the tests in the longitudinal direction show a rising trend.  
A similar effect is also present for the values of (PUE) where the trend is opposite from 10-4 
towards 10-3 1/s for both observed directions of testing (longitudinal = descending and 
transversal = rising). PUE in general varies between 1-3 %.  
 
Figure 7-13 Comparison of uniform elongation (UE); total elongation (TE) and post uniform elongation 
(PUE) with strain rate of cryo-rolled 2024 aluminium. Tensile test data for both directions of testing. 
 
7.3.5 Strain rate sensitivity of all tested cryo-rolled alloys  
Overall all tested materials show very low strain rate sensitivity for the three tested strain rates. 
Figure 7-14 shows the strain rate sensitivity factor ݉ for all tested alloys in relation to their 
overall material strength. As ݉ varies between the different comparing strain rates the factor is 
calculated for both delta of strain rate using (Equation 3-8 in Section 3.8. 
Although the values of ݉  are small (small ݉  < 0,026 [42, 89]) they can still suggest minor changes 
of the materials strain rate behaviour. In general the cryo-rolled commercial purity aluminium 
shows the highest ݉ value of all the tested materials. More importantly it is shown that ݉ is 
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positive which indicates that the strength increases with strain rate. The values for ݉ 
determined for the cryo-rolled 5083 and 2024 are negligible and negative. 
 
Figure 7-14 Material strength in dependence of strain rate and direction of testing for cryo-rolled - 
purity, 5083 and 2024 aluminium. 
 
7.3.6 Summary and first conclusion 
The results of the strain rate sensitivity study show that the tested materials have only a small 
rate dependency in the tested range of 10-4 to 10-1 1/s.  
Only the cryo-rolled commercially pure aluminium shows positive strain rate sensitivity while it 
is negative for the other two grades, cryo-rolled 5083 and 2024. However, the values 
determined for ݉ are minor and therefore can be neglected for both materials.  
A direct effect of the materials rate dependency in regard to the tensile strength is therefore 
only noticeable for the cryo-rolled purity aluminium. The only measurable effects for the 5083 
and 2024 aluminium alloys are the changes in regard to the materials UE and TE. 
In particular, when comparing the measurements for TE for the pure aluminium, it was found 
that the values are larger when it is tested in the longitudinal direction. This effect is in contrast 
to the tests for both other alloys where a larger TE for the transverse tested material was 
measured. This effect is constant through the analysis with the only exception being the cryo-
rolled 2024 tested at 10-1 1/s. 
In general, the results of this study show no particular trend in regard to the effect of strain rate 
on the material behaviour for the tested alloys. The tests however show that, apart from a very 
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small increase in tensile strength observed for the purity aluminium no other effects are present 
influencing the material properties. 
 
7.4 Experimental results and discussion of high rate sensitivity 
Figure 7-15 shows the engineering stress/ strain curves of the cryo-rolled pure aluminium at 
high strain rates of 50 and 100 1/s. 
There is large scatter in the stress values for both strain rates and this is due to the oscillation of 
the measured force values. This occurs due to the high speed impact of the lower grips onto the 
sample when the test specimen is clamped after the machine has accelerated to the defined 
test strain rate. This scatter is common for high rate tensile tests and is also reported in previous 
work [90].  
Due to the scatter of the measured load values two ways of averaging were used. Initially, the 
three samples of the scattered raw data were averaged leading to the graphs shown in Figure 
7-15 (scattered dashed lines). This data was then used to fit an average using the software tool 
Origin 9.  
The fitted average allows a good comparison of the data at both strain rates. It is obvious that 
the higher strain rate leads to a higher yield stress and ultimate tensile strength as well as a 
minor increase in total elongation of the material.  
The positive stress increase was previously shown for this material grade for lower strain rate 
levels in Section 7.3.2. In general it can be observed that the stress increase below 2 % 
engineering strain is much stronger at higher strain rates. The overall peak stress level however 
is similar at 100 1/s (160 MPa) and around 10 MPa lower for 50 1/s in comparison to the results 
of the cryo-rolled commercial purity aluminium tested at lower strain rates (Figure 7-6). 
Additionally there is a loss in total elongation of around 50 - 60 % in comparison to the results 
of the material when tested at lower strain rates. The measure of uniform elongation however 
seems to increase from 1.5 % at 10-1 1/s to around 2 % at 100 1/s and 2.4 % at 50 1/s.  
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Figure 7-15 Engineering stress/ strain behaviour of cryo-rolled pure aluminium at high strains rates (50 
and 100 1/s). 
 
Figure 7-5 shows the material behaviour of the cryo-rolled aluminium 5083 at the two high strain 
rates. For this material only the strain rate of 100 1/s leads to large oscillations in the force 
response and stress values. The oscillations for the lower strain rate of 50 1/s are very minor 
and the average is a really good fit.  
The curves determined for both strain rates show minor strain hardening behaviour after an 
engineering strain of 2 %, and similar values for ultimate tensile strength (450 MPa) and total 
elongation. Unfortunately there is the large change in the slope of both fits which therefore 
relate to a large and impossible change in the materials Young’s Modulus (~80 GPa at 100 1/s to 
~ 30 GPa at 50 1/s). This is obviously a machine and test method related effect and there was 
insufficient time available on the test machine to get to the root cause of this.  The effect of this 
error leads also to difficulties in determining the material’s yield point and a larger variation in 
strain hardening behaviour before 2 % elongation.  
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Figure 7-16 Engineering stress/ strain behaviour of cryo-rolled 5083 aluminium at high strain rates (50 
and 100 1/s). 
 
A similar material behaviour as shown for the tested 5083 aluminium in Figure 7-16 is also found 
for the cryo-rolled 2024 as shown in Figure 7-17.  
The stress oscillations are generally larger for the higher strain rate but not as high as seen 
previously. For the strain rate of 50 1/s the slope of the curvature is smoother and less steep 
suggesting a very low (and impossible) Young’s Modulus of ~20 GPa. The oscillations in general 
are minor allowing a very good fit of the average graph. However, due to the change in slope, 
the strain hardening behaviour is very different for both strain rates also referring to a wrong 
Young’s Modulus of around 50 GPa, a lower material yield but relatively good strain hardening 
behaviour at 100 1/s.  
Even though the general slope of the curvatures are very different they both peak at a similar 
material strength of around 650 MPa with a total elongation of 6 - 6.8 %.  
Despite the general assumption that there is a significant measurement error within the data 
due to the wrong values of the Young’s Modulus, the values for total elongation as well as the 
ultimate material strength are very similar to the previously found results in TE (6.6 - 8 %) and 
UTS values (620 - 636 MPa) for testing the same material grade at lower strain rates as shown 
in Figure 7-12.  
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Figure 7-17 Engineering stress/ strain behaviour of cryo-rolled and aged 2024 aluminium at high strain 
rates (50 and 100 1/s).  
 
Similar results to the lower strain rate analyses discussed in Figure 7-14 are also found for the 
strain rate sensitivity factor ݉ at high strain rates (Figure 7-18). For comparison the value ݉ is 
also calculated as outlined in Section 3.8. 
For the cryo-rolled pure aluminium the rate sensitivity at higher strain rates with ݉ = 0.122 is 
significantly higher in comparison to the values of ݉ = 0.003 – 0.015 at the lower strain rates 
(Figure 7-14). For the alloy 5083 and 2024 ݉  is within a similar range of ݉ = 0.003 – 0.011 (5083) 
and ݉= 0.001 – 0.005 (2024) respectively.  
 
Figure 7-18 Material strength in dependence of strain rate for cryo-rolled - purity, CR 5083 and CR 2024 
aluminium at 50 and 100 1/s.  
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7.4.1 Summary  
The tensile tests of the cryo-rolled pure aluminium, CR 5083 and CR 2024 at two different high 
strain rates of 50 and 100 1/s reveal a similar material behaviour in comparison to the tests at 
lower strain rates. 
The pure aluminium shows the highest strain rate dependency of all materials with a positive 
strain rate sensitivity value ݉ and this effect increases at larger strain rates. Thereby ultimate 
tensile strength and total elongation decrease while uniform elongation increases. 
The high rate tests for the 5083 and 2024 alloy reveal similar material strength and values of 
total elongation when directly compared to the same materials tested at lower strain rates.  
Unfortunately the high rate test shows some large oscillations within the stress/ strain data and 
this effect is generally higher at larger strain rates. The scatter within the data seems to only 
decrease with an increasing material strength or decrease in strain rate as shown in this work. 
The only additional known damping effect of the stress/ strain oscillation in general would be a 
good strain hardening behaviour typically shown from TWIP steels [90]. This is however, not a 
present effect for the investigated materials. 
Unfortunately, and in addition to the large oscillations in stress values, there seems to be a 
consistent error within the data for the cryo-rolled 5083 and the CR 2024 aluminium. Although 
the averaged curves reflect the original data of each three tests at the referred strain rate, there 
is a significant error in suggesting various impossible values for the materials Young’s Modulus 
at the different strain rates. Clearly there are machine and test effects which require further 
work to resolve.  Despite this error, however, the peak stresses and ݉ values are within the 
range previously measured values of material strength and strain rate sensitivity for the same 
materials at the lower strain rates (10-4 – 10-1 1/s). 
 
7.5 General conclusion 
The overall results answer the first part of the initially formulated research question of: “What 
is the high rate behaviour of ultra-fine structured metals?” 
It is found that only the cryo-rolled and ultra-fine structured pure aluminium is strain rate 
sensitive which results in a small increase in material strength at lower, and a larger increase in 
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strength at higher strain rates. The purity aluminium generally shows very small values of 
uniform elongation but with large post uniform elongation.  
For the cryo-rolled 5083 and 2024 alloys the effect of the strain rate dependency at low and high 
rates is very different. Both of the materials show mostly no strain rate dependency. However, 
within the assumption that the tensile strength values at the high strain rates are measured 
correctly, both alloys show consistently high material strength for commercial available 
aluminium alloys at 445 MPa and 650 MPa respectively. In addition, both materials maintain 
very similar material properties across the tested strain range from 10-4 1/s to 100 1/s and total 
elongations around 6 – 7 %.  
 
The results also provide an answer for the second question after the “correlation between the 
post uniform elongation to the strain rate”.  
Within the measurements for the purity aluminium it is found that the material generally shows 
very small values of uniform elongation associated with large post uniform elongation. While UE 
tends to remain more or less consistently small (< 1 %) across the full strain rate range, the 
values of PUE vary significantly and drop down from above 8 % (<10-1 1/s) to just below 2.5 % 
(50 1/s). 
For the cryo-rolled 5083 and 2024 alloy there seems to be no effect of strain rate on PUE and 
values of elongation remain very similar through the full strain rate range.  
Ideally all materials would have shown positive strain rate behaviour with a larger effect towards 
improved values of elongation after the point of instability. This could have enabled a clearer 
application for the roll formed ultra-fine grained alloys for energy absorbing structures in a 
vehicle. 
Nevertheless the presented outcome is still very valuable as it shows that superior strength 
levels can be achieved with commercial aluminium alloys. The material properties especially for 
the high strength 5083 and 2024 alloys are very consistent across the tested strain range which 
could potentially be beneficial for any product application which requires strength and stiffness 
at very low weight.  
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8 Discussion 
8.1 General discussion 
8.1.1 Roll formability of cryo-rolled ultrafine aluminium sheet 
In the literature review it was shown that light metals can be processed using severe plastic 
deformation methods (SPD) to significantly improve their material properties in regards to the 
material strength while, however, sacrificing formability.  
As for SPD processes such as high pressure torsion (HPT) [3, 91], accumulative roll bonding (ARB) 
[29, 92, 93] or equal channel angular pressing (ECAP) [5, 73], cryo-rolling has also been shown 
to produce materials featuring a very fine microstructure with increased strength but limited 
elongation. In addition cryo-rolling allows the production of large quantities of material in a 
research environment in order to explore the behaviour of microstructures similar to SPD 
materials under bulk forming processes such as  sheet metal forming and roll forming.  
Roll forming was therefore considered in this work as it is a process that has the potential to 
form high strength and low elongation materials at room temperature due to its incremental 
bending behaviour [44, 52, 94]. Nevertheless roll forming of novel ultra-fine structured materials 
had not been tested previously.  
To investigate the overall roll formability and bendability, cryo-rolling of aluminium was used to 
produce a sufficient amount of material in order to study various alloys in a larger sheet metal 
forming application.  
It was found that cryo-rolling can significantly refine the microstructure of commercial purity 
aluminium due to the repetitive rolling at small strains leading to an ultrafine structure which is 
confirmed to be similar to the results of others using similar techniques [18, 19, 25, 78, 95]. 
As observed by Panigrahi et al. [25], the cryo-rolled materials show a larger strength increase in 
comparison to room temperature rolling and this is attributed to the suppression of dynamic 
recovery due to the low temperature. 
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The minimum bending radii test has shown that the cryo-rolled commercial purity aluminium 
can be formed to tight radii as small as 6 mm which is slightly larger than the room temperature 
rolled aluminium at 5 mm. This result is a qualitative outcome only as it shows the larger 
formability of the room temperature rolled material but was not further investigated in more 
detail on the microscopic level. Nevertheless, despite the large change in the stress/ strain slope 
both materials bend very homogeneously in a pure bend test which is opposite to the observed 
kinking behaviour at larger radii in the V-die bending test. 
In roll forming, both materials show a very good forming behaviour towards small forming radii 
of 6 mm for the cryo-rolled material and 5 mm for room temperature rolled aluminium. Roll 
forming problems e.g. shape defects as well as issues with springback typically found in the work 
of others on higher strength materials [44, 45, 52, 60] was not observed. 
Generally, the good roll formability found is a very important outcome since uniform elongation 
(UE) and total elongation (TE) of the developed materials is quite low. The tensile test had only 
shown UE in the range of 0.5 - 1 % for both alloys. 
 Metals with material limits in this range are generally not formable in processes like stamping 
or deep drawing due to the lack of formability. A good comparison was found in the roll forming 
of a recovery annealed steel classified as G550 which has been utilised in many applications 
within the building industry in Australia [68, 96]. Importantly, the material parameters of the 
cryo-rolled commercially pure aluminium are quite comparable to the parameters found for 
G550 [69, 82] in regard to the very low UE of only ~1 - 2 %.  
A similar material behaviour also exists in the alloys in regard to their values of TE and reduction 
in area (RA) which was measured for the cryo-rolled aluminium to be relatively large at ~10 % 
TE as well as the measure of the RA at the fracture tip of the tensile sample with around 74 %. 
These values are in good agreement with the parameters found for TE (8 – 10 %) and RA (~70) 
for the G550 material [69, 80].  
Overall the formability study therefore provides a very interesting approach towards the design 
of new materials combined with an existing manufacturing technology. The results, however, 
do not explain why materials with such limited ductility can be utilised in a roll forming process 
and this has to be further discussed.  
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8.1.2 Roll formability of high strength 2024 aluminium 
In acknowledgment of the results obtained in regard to the material properties for commercially 
pure aluminium after cryo-rolling, a precipitate hardening 2024 aluminium alloy was 
investigated. 2024 aluminium alloys have been previously analysed by others in SPD processes 
as well as cryo-rolling, promising high strength and variations in elongation values, using 
different rolling schedules and or aging/ heat treatments [19, 72, 78, 79]. 
In this work cryo-rolling was combined with artificial aging and/or recovery annealing 
treatments similar to the experiments of Weiss et al. [19] to optimise the material strength and 
roll formability. 
It was also found that cryo-rolling significantly increases the material strength up to a very high 
stress level of ~650 MPa (UTS). Despite the much larger values of UE and TE found for the 
materials they were not roll formable to the same extent as the previous investigated cryo-rolled 
commercial purity aluminium. 
It is shown that longitudinal sections can only be roll formed to radii as small as R19 mm using 
the similar roll forming tooling. Any smaller forming radius leads to splitting of the material 
during the roll forming process.  
To understand this drastic change in regard to the alloys roll forming behaviour, the material 
properties were compared and it was found that despite the larger UE of up to 7 % the values 
of (RA) at the fracture tip of the tensile samples were only between 8 to 15 %, potentially leading 
to the much lower formability (RA was 74 % for cryo-rolled commercial purity aluminium). To 
further investigate this result, a novel approach was developed to study the influence of RA on 
the roll formability. 
 
8.1.3 Reduction in area as a measure of roll formability 
The roll forming results from both previous result chapters led to the hypothesis that the 
measure of RA at the fracture tip of a standard tensile sample could give a more accurate 
indication on the overall formability of a material in the roll forming process in comparison to 
the pure measure of UE. 
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To further investigate, if a high RA can lead to improved formability, a novel study was 
conducted and several aluminium alloys were cryo-rolled and recovery annealed at various 
times in order to design a wide range of materials with similar UE and variations in RA.  
While testing the newly designed alloys in a roll forming process, the first key finding was that 
overall the alloys show a clear trend towards better roll formability with an increasing value of 
RA (Figure 6-17). It was also clearly shown that the value of RA has to increase if UE decreases 
to achieve smaller forming radii. 
The small scatter in the observed radii values between the different materials can be attributed 
to the method of measurement. Surface defects incorporated through the production process 
with hot - and cryo-rolling of the initially cast alloys can lead to a challenging interpretation of 
fracture and therefore to deviations in the visually determined radii.  
Both of the material production processes lead to small contamination of the material surface 
and dirt particles were sometimes rolled into the surface (mainly during hot rolling). The frozen 
surface and the overall material handling of large sheets during cryo-rolling subjected the 
material to accumulation of small surface defects (dust accumulation). Overall, the hot rolling 
process of the softer alloys was found to be more affected during the material handling since 
the commercially purchased hot - and cryo-rolled 5083 and 2024 were of good/ better surface 
quality after all rolling processes.  
Nevertheless the method of visual interpretation of fracture seems to be acceptable and is 
commonly performed by others in their work [8, 86] for the determination of formable radii with 
or without surface fracture. 
The second key finding was that the cryo-rolled 5083 with a high material strength of 450 MPa 
can be roll formed to longitudinal sections with final radii of R7.51 mm. The measured RA was 
only around 19 % combined with a low UE of only 4.6 %. 
This outcome shows that it is possible to form ultra-fine, high strength and low elongation 
materials using roll forming. It also proves that utilising the right material parameters, in 
association with the understanding of the roll forming process as an incremental sheet forming 
technique, allows the production of novel structures from ultra-fine and high strength 
aluminium alloys. 
In consideration of the initially discussed question in regard to the material strain rate sensitivity 
and potential link to post uniform elongation it is also vital to test the investigated key materials 
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for their strain rate and high rate behaviour. Especially with the outlined general approach in 
mind to potentially utilise the cryo-rolled materials in automotive crash structures. 
 
8.1.4 Strain- and high rate behaviour of fine structured aluminium alloys 
The investigation of the strain rate and high rate behaviour of the three key alloys (cryo-rolled 
purity aluminium, cryo-rolled and aged 2024 and cryo-rolled 5083) was an additional and 
concluding investigation to examine the materials behaviour not only in regard to their strain 
rate sensitivity and potential link to post uniform elongation but also in terms of the materials 
behaviour as automotive crash structures.  
May et al. [37] had previously investigated the strain rate sensitivity of aluminium alloys in a 
compression test and found that a ultra-fine grained material can become strain rate sensitive 
leading to higher values in material strength and larger values of uniform, total and post uniform 
elongation. They attributed the enhancements to the significant increased amount of grain 
boundaries acting as “sources and sinks for dislocations” in addition to the general dislocation 
slip. Additional effects were seen in activation or suppression of certain deformation 
mechanisms like grain boundary sliding and cobble creep. A change in temperature or strain rate 
was also found to increase the elongation and or strength of the aluminium alloy [17, 42, 97].  
Hutchinson and Neale [98] who had also studied the effect of strain rate sensitivity on necking 
under tension came to the conclusion that for strain rate sensitive materials a large amount of 
necking can occur. Importantly they noticed that the measurement of an instability differs in 
between a two- or three dimensional analysis showing earlier necking at a linear analysis.  
This effect can be interpreted within the results of this work, where higher formability was found 
in roll forming not by adding a third dimension but due to the material constraint within the roll 
gap during the deformation leading to higher formability. However, it was also noted that the 
change in strain rate tends to have only a small influence on the retardation of necking under 
tension for both directions (increase of m = less necking; decrease in m = more necking). More 
importantly it was noted that  the change in strain rate can be more effective during the phase 
of uniform elongation prior to necking as also shown in similar work of Marciniak and Kuczynski 
[99] Nevertheless, the strain hardening index N seems to be the  more important factor in 
regards to the potential retardation of necking at lower values of strain rate m < 0.05.  
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With this information in mind and including the comparison of the cryo-rolled aluminium alloys 
tested at different strain rates with small m values of 0.001 to 0.015, this could have been one 
influential effect. That means that for all tested materials at lower strain rates, the effect of N 
on the post uniform elongation could be greater than the initially assumed effect of strain rate 
m. 
Nevertheless, for this work a larger strain rate was anticipated and a combination of some of 
the above described effects were assumed to be of advantage towards the designed aluminium 
alloys as potential crash structures. In this initial case the materials were assumed to have high 
strain rate sensitivity, measurable through strong post uniform elongation in order to build 
functional structures to absorb impact energy while crumbling in a vehicle accident. 
Unfortunately the cryo-rolled pure aluminium produced and tested for this work was found only 
minor strain rate sensitive at lower strain rates (10-4 – 10-1 1/s) with a slightly larger increase of 
the ݉ value at higher rates. Material strength however does not change drastically at overall 
positive strain rate behaviour. Total elongation and therefore also post uniform elongation is 
significantly lower towards higher strain rates of 5 and 10 1/s.  
The strain rate sensitivity and high rate behaviour for the 5083 and 2024 show the similar 
general trend. Both alloys have minor strain rate dependency. Nevertheless due to a nearly no 
rate dependency both alloys show superior material strength (450 MPa for 5083 – 650 MPa for 
2024) at reasonable total elongations through all strain rates!  
This outcome might therefore exclude the application of ultra-fine structured aluminium alloys 
for energy absorbing structures. It does not however, limit their application in areas where high 
strength and stiffness at minimal weight is required! 
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Chapter 9 
 
9 Conclusions and recommendations for future work 
9.1 Conclusions 
This work investigated the overall formability of several cryo-rolled aluminium alloys with a 
focus on utilising and investigating the roll forming process as an incremental sheet forming 
method. An initial formability study was conducted to explore the manufacturing of cryo-rolled 
pure aluminium and it’s forming behaviour under tension, various bending methods and roll 
forming trails. Various other aluminium alloys were produced to allow a novel test and to 
investigate their roll formability in order to find an understanding of the often observed good 
roll forming behaviour of very low elongation materials.   
Three key alloys were chosen to further investigate their material behaviour under strain rate 
and high rate conditions with focus towards light weight, high strength and fine structured 
aluminium crash components.  
The main findings of this work are presented below.  
 
Roll-formability of ultra-fine structured aluminium alloys and their limitations depending on 
the bending method. 
Cryo-rolling in general leads to a drastic increase in material strength and to a reduction in 
uniform- and post uniform elongation of the aluminium alloy in comparison to its recovery 
annealed counterpart. Tests with different bending methods have shown that the material can 
be formed sufficiently depending on the bending mode and contact properties. Roll forming was 
found to be sufficient for shaping those low ductile materials. Longitudinal V-sections with small 
radii of 6 and 15 mm were formed from cryo-rolled commercial purity aluminium showing that 
roll forming is a suitable technique to manufacture continuous parts from low elongation 
materials.   
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What are there critical material parameters that link the simple mechanical behaviour (i.e. 
from a tensile test) to the roll formability of low ductility, high strength metals (in this case 
cryo-rolled alloys)? 
It was found that the tensile test is not always the suitable test method for the determination 
of the roll formability of cryo-rolled aluminium alloys. As a result of this study, it is concluded 
that the measure of uniform- and total elongation is misleading in regard to the formability of 
cryo-rolled aluminium alloys in roll forming. The determination of RA was found to be a more 
applicable value leading to a much clearer determination of the smallest formable radius in the 
roll forming process. 
A new diagram is proposed which is shown in Figure 6-17. The graph allows the determination 
of the smallest formable radius based on the values of RA and UE of the cryo-rolled alloy. It is 
also proposed that the graph allows the determination of the general forming limits (solid black 
line) similar to the well-known forming limit diagram (FLD) generally used in sheet metal forming 
applications [35]. 
 
High rate material behaviour of ultra-fine structured metals and correlation with post-uniform 
elongation. 
The strain rate and high rate behaviour of the three key alloys (cryo-rolled purity aluminium, 
cryo-rolled 5083, cryo-rolled and artificially aged 2024) was investigated and found to be very 
minor. Only the purity aluminium shows a small rate dependency towards higher strength with 
slightly increased strain rate. Nevertheless a real high rate test had not been conducted 
previously and the material behaviour of cryo-rolled alloys was completely unknown. In this first 
high rate tensile test trials the cryo-rolled aluminium alloys were investigated and superior 
material properties up to the tested strain rates of 100 1/s were found.  
All alloys do not change their properties significantly and therefore maintain their strength levels 
across the strain rates. Unfortunately the judgment on the initially proposed correlation in 
between the high rate behaviour and post-uniform elongation is therefore not applicable.  
The constant high strength level results for the aluminium 5083 (450MPa) and 2024 (640MPa) 
suggest that those novel materials could be used as automotive components.  
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9.1.1 Suggestions to achieve good roll formability of ultra-fine grained materials  
In acknowledgement of the key finding of this work that “high values of reduction in area can 
benefit the general roll formability” a brief review was finally conducted on “how to improve 
the RA values in ultra-fine grained alloys”.  
Generally, for the produced ultra-fine grained materials using severe plastic deformation 
techniques it is difficult to store further dislocations and to undergo additional strain hardening 
during additional forming. Most of the materials show heavily deformed microstructures with 
very high levels in dislocation density [30]. Nevertheless, to avoid early failure and to slow down 
an occurring instability they need to maintain some of their strain hardening ability to stabilize 
uniform tensile deformation [30, 100]. 
Apart from a good sample quality (to avoid any kind of inhomogeneity) [100], three strategies 
seem to be apparent to avoid premature failure and to increase UE as well as delay failure and 
to stabilize necking leading to larger values of RA. 
I - Design of a “non-uniform” and “bi-modal” grain structure  
Ideally it is possible to maintain some bigger/ larger grains or multiple phases; this will allow 
tackling severely localized narrow shear bands that can generally ruin the ductility. 
Unfortunately, small grains impart a higher strength but can also lead to stress and strain 
localization and can therefore lead to failure. The larger grains can therefore contribute to and 
carry on the plastic deformation in any direction of deformation since they allow dislocation 
based plasticity and can stop localized severe shear bands. Thus it is also important to avoid very 
anisotropic microstructure. Ideally larger grains are therefore mixed into or maintained within 
the ultra-fine grained microstructure.  
Wang et.al. therefore developed a concept of a bimodal microstructure and propose a mix of 25 
% in the micron grain size within a UFG grain matrix to maintain strain hardening. They propose 
to manipulate the volume fraction, size and shape as well as distribution of the coarse grains to 
optimize strength or to remain small amounts of ductility and to delay or stabilize necking [30, 
100, 101]. 
II - Deformation at lower temperature  
Wang et. al. showed for ECAP Cu that they can maintain UE due to deformation at reduced 
temperature and variation of strain rate. Although the temperature already increases the UE 
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slightly, the increase in strain rate leads to an additional small increase in uniform and post 
uniform elongation [30]. 
III - Increase in strain rate  
Wang et. al. as well as Hutchinson and Neale [98] suggest that larger values in strain rate 
sensitivity m > 0.05 can assist to resist the inhomogeneous deformation and ensure better 
formability even if no strain hardening is present. Therefore any improved strain rate sensitivity 
m could potentially help to delay or stabilize the necking [30]. 
The above mentioned strategies show that it seems possible to design an ultra-fine 
microstructure with some remaining larger grains. The larger grains tend to block instabilities 
and are even more important to carry on further plastic deformation. A bi-modal microstructure 
seems to be of a great effect to stabilize inhomogeneity’s leading to enhanced ductility.  
More importantly the strain rate effect seems to be the most significant factor to enhance 
ductility but also to stabilize an occurring neck leading to larger values of post uniform 
elongation and in this case also to larger values in RA.  
Unfortunately the materials designed for this study have shown only very minor strain rate 
sensitivity. Thus it is also not possible to show a pronounced effect of m in correlation to post 
uniform elongation as initially proposed.  
Nevertheless, it is found that a material shows advanced roll formability with increased values 
in RA. This finding leads to the reverse conclusion that, also bearing the literature on strain rate 
sensitivity in mind, the focus for roll formable materials must be towards the design of alloys 
with bi-modal microstructure and pronounced strain rate sensitivity. 
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9.2 Recommendations for future work 
Material production 
The materials used in this study were aluminium alloys which underwent a simple but time 
consuming cryo-rolling procedure which is acceptable in a research environment but not 
sufficient for industrial application. With the continuous research on SPD processed materials 
and the potential industrial upscale of technologies like the equal channel angular pressing 
process (ECAP) it is necessary to investigate these materials in a similar manner before they are 
commercially available.  
Due to the infinite possibilities in regard to aging and recover annealing of various aluminium 
alloys there is also a strong potential to continue similar work to investigate the formability of 
other aluminium alloys with stronger focus on strain rate dependent materials.  
Roll forming 
The study has shown that the manufactured alloys are roll formed in a ten station roll forming 
line with a defined final radius of 5 mm. With the potential of upscaling the machinery it is 
optional to either investigate the formability of existing or new alloys in less or more stations at 
similar or changed shapes. More importantly is the investigation of similar materials in regard 
to the behaviour on kinematic hardening in bending and re-bending. This becomes necessary 
with the view towards the new flexible roll forming technologies with continuous bend and re-
bending operations. 
New approach to determine roll formability  
The novel approach to investigate the roll formability has been shown in this work for cryo-rolled 
aluminium alloys. It is not determined yet if this approach is effective for other metals used in 
roll forming although the example with the commonly roll formed G550 gives a good indication 
towards the applicability for steel.  
The better judgement on formability through the measure of RA was analysed through a large 
series of mechanical tests. Material treatments were chosen in order to have a large variety of 
materials available. A defined material design to achieve a large RA at a material under tensile 
load was not possible since the microstructural influence leading to high RA is still unknown.  
Further research could also be conducted to observe if there are microstructural changes in 
relation to the performed aging treatments as the material properties were only taken from the 
tensile test. 
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The analysis of the ratio of the grain size to sheet thickness could also help to further understand 
the formability of the UFG sheet material in roll forming and bending. 
It could be also important to explain the microstructural changes during roll forming and to 
explore the micromechanical relationships leading to the good formability of low elongation 
materials in roll forming. However this would require a complicated and time consuming 
analyses.  
Incremental bending trials should be performed to understand if the incremental nature of the 
roll forming process has led to the differences in fracture limits observed between bent and roll 
formed sections. 
High rate tensile test 
The mechanical testing of material properties at high strain rates is a common method for the 
testing of steels. The evaluation of the material properties at high strain rates for fine-structured 
aluminium alloys however was not performed prior. The results show a large scatter in the stress 
values which is common for the described test facilities. The change in the values of the Young’s 
Modulus in between the strain rates of 50 1/s and 100 1/s for the cryo-rolled 5083 and 2024 
was unexpected, can only be explained as an experimental error associated with machine 
compliance and further work should be conducted.  
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10 Publications  
Publications directly related to this thesis:  
x Marnette, J., Weiss, M., Hodgson, P.D., (2014), Roll-formability of cryo-rolled ultrafine 
aluminium sheet, Journal of Materials and Design, vol. 63, pp. 471-478. 
 
x Marnette Jascha, Weiss Matthias and Hodgson Peter (2012) Roll forming cryo-rolled 
nano-structured aluminium sheet, in Unknown (ed.), AMPT 2012: Proceedings of the 
15th Advances in Materials & Processing Technologies Conference, pp. 1-5, University 
of Wollongong, Wollongong, N.S.W. 
 
Publications in regard to associated work during the time of my PhD: 
x Marnette, J., Weiss, M., Rolfe, B., Hodgson, P. (2014) Numerical investigation on the 
effect of skin passing and roller leveling on the bending behaviour of mild steel. 
Numisheet conference, Melbourne, Australia. 
 
x Weiss, M., Abeyratna, B., Marnette, J., Badr, O., Abvabi, A., Jiao, J. and Hodgson, P. 
(2012) Approach for testing the material behavior in roll forming in a small scale, in 
Unknown (ed.), IDDRG 2012 : Lightweighting, possibilities & challenges : Proceedings of 
the 2012 International Deep Drawing Research Group Conference, pp. 1-6, International 
Deep-Drawing Research Group, Mumbai, India 
 
x Weiss Matthias, Marnette Jascha, Wolfram Preston, Larranaga Jon and Hodgson Peter 
(2012) Comparison of bending of automotive steels in roll forming and in a V-die, Key 
engineering materials, vol. 504-506, pp. 797-802, Trans Tech Publications, Stafa-Zurich, 
Switzerland; ERA journal ID: 8144 – Scopus EID: 2-s2.0-84857188464 
 
x Marnette Jascha, Rolfe Bernard, Hodgson Peter and Weiss Matthias (2012) Effect of 
roller leveling on the bending behaviour of aged steel strip, in Mori, K.; Pietrzyk, M.; 
Kusiak, J.; Majta, J.; Hartley, P. and Lin, J. (eds), Metal Forming 2012 : Proceedings of the 
14th International Conference on Metal Forming, pp. 699-702, Wiley-VCH, Krakow, 
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